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FOREWORD

This report describes the latest in a series of experimental investigations
of high-speed turbulent boundary layers carried out by the Fluid Mechanics
Section of the Aeronutronic Division of the Ford Aerospace & Communications
Corporation. Previous work has been devoted to studies of the effect of

E various parameters on transition and turbulence in the compressible boundary
layer, including Mach number, Reynolds number, heat transfer and mass addi-
tion. The most recent effort was concerned with the influence of wall temp-
erature on the structure of a zero pressure gradient, supersonic boundary
layer. The present program was directed toward examining the effects of a

continuous adverse pressure gradient produced by a curved adiabatic, isen-

tropic compression ramp. Results of detailed mean flow measurements are
described and turbulent shear stress distributions extracted from the time
averaged conservation equations are presented. Because of the large quantity
of data involved, the results are shown primarily in graphical form. However,

the interested reader may request copies of the detailed data tabulations.

The work described herein was supported by the Flight Dynamic Laboratory at
Wright-Patterson Air Force Base, Ohio., Dr. Joseph J.S. Shang of AFFDL/FXM
served as project engineer. The author wishes to acknowledge Dr. A. Demetriades
for his collaboration during the planning and preparation of the experimental
program; L. Von Seggern for his assistance during various critical phases of

the tests, and G. Hart for fabrication of the ramp models.
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SECTION I
INTRODUCTION

Solution of the supersonic boundary layer equations requires accurate models
to describe the turbulent transport of energy and momentum, The transport
coefficients cannot be derived from first principles, but must be deduced from
well-designed experimental studies. Ideally, it is preferred to measure the
turbulence terms directly, e.g., using the hot wire anemometer, although
documentation of the mean flow field is still necessary to interpret the hot
wire data. Even in the absence of direct information, the so-called "inverse"
or "indirect' method can be applied to extract the transport properties from
detailed mean flow measurements by means of the time averaged conservation
equations. Although considerable progress in this direction has been made

for the zero pressure gradient, flat plate boundary layer, there is still a
dearth of specific information concerning flows with a finite continuous
variation in static pressure, This problem arises from the fact that while
numerous experimental studies have been made of boundary layers with pressure
gradients (see, e.g., the exhaustive catalog of experimental results compiled
by Fernholz and Finleys few have been sufficiently complete and reliable to
successfully apply the 'indirect' method. In fact, for continuous pressure
gradient flows, no direct hot wire measurements of transport properties are
available and only S:urek2 has reported on turbulent shear stresses calculated

from mean flow data.,

The present study was undertaken, therefore, to systematically study the in-
fluence of a continuous adverse pressure gradient on a two-dimensional, super-
sonic, adiabatic wall boundary layer., The adverse pressure gradient was
generated using a curved ramp, located on the test section floor of the FACC
Mach 3 wind tunnel, and designed to produce an isentropic compression with
constant dp/dx. Two ramps were designed for this purpose, one corresponding
to a weak and the other to a moderate pressure gradient. While it may have
been more desirable to design the ramps for constant pressure gradient

parameter Ek = (S:/*w) (dp/dx), and thus maintain a constant influence of the
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pressure iradient on the boundary layer, the local values ot Si and T could

not be predicted prior to the experiment., On the other hand, it is shown later
that the boundary laver is in a state ot local equilibrium and, therefore, is
controlled only by local conditions, i.e., cg, My, 3, etc. Thus, maintaining
the pressure gradient constant allows the overall flow field to be characterized
by a single parameter dp/dx (or, more exactly, by #  where ‘*/Tw is evaluated
immediately upstream of the ramp) while providing the opportunity to study the
eftect of the local *, and in this sense the experiment yields greater

intormation.

The ultimate goal of this program is the direct measurement of the turbulent
shear stresses using the x-array hot wire anemometer. In preparation for this
task, detailed measurements of the mean flow field over the curved ramps have
been carried out, This report describes these measurements and the results of
the data analysis. Details of the experiment are presented in Section 2, while
the method of analysis is summarized in Section 3 and the results are discussed
in Section 4. In particular, it is shown that the mean flow profiles, when
sultanly transtormed, agree with the universal '"wall-wake' velocity profile

ind that the pressure gradient parameter ;k correlates the data with low speed
results, In addition, the distribution across the boundary layer of turbulent
shear stress, mixing length, and eddy viscosity were determined using the
"indirect" method modified by Scurek: to account for the effects of longitudinal

curvacure.




SECTION 11
THE EXPERIMENT

1. WIND TUNNEL

The experiment was carried out in the FACC Mach 3 supersonic wind tunnel (SWT),
This is a continuous flow facility with a 7.87 cm by 8.64 cm test section
located 40,6 cm downstream of the throat section, The turbulent boundary layer
at the entrance to the test section is fully developed and is approximately

0.7 cm thick. All tests were conducted for stagnation conditions of .973 x

10S N/M2 and 317°K corresponding to a nominal Mo = 3 and unit Reynolds number

= 6,57 x 10%/mecer.
24 RAMP DESIGN

Using Method of Characteristics theory, and ignoring the effect of the boundary
layer, two continuously curved ramps, designated Ramp 1 and Ramp 3, were de=-
signed to produce two-dimensional, constant pressure gradient (dp/dx) flows.
Based on the boundary layer characteristics upstream of the ramp leading edge,
the pressure gradient parameter 3yo = (‘E/rw)(dp/dx) was nominally 0.4 and 1,85
for Ramps 1 and 3, respectively. The ramp contours and a sketch ot the ramp
installed in the wind tunnel test section are indicated in Figure 1. Photo-

graph of the ramps installed in the tunnel is shown in Figure 2.

The ramp models were designed to replace the floor plate of the wind tunnel
test section and to provide a smooth continuation of the lower nozzle block.
In order to avoid flow breakdown in the test section, as a consequence of
blockage introduced by the presence of the models, the maximum height of the
ramps was restricted to 1.8 cm (see Figure 1). As a result, this limited the
length of Ramp 3 to about 9 cm, although this was found to be adequate ftor the

purposes of the present experiment.

For Ramp 1, the curvature of the surface was started at the leading edge of

the model which, in turn, mated to the ctrailing edge of the nozzle block.




? \lthough a filler material was used to smooth the transition, the combined

é effects of curvature and joint misaliznment resulted in the generation of a

. weak shock disturbance at the leading edge of the ramp. This is apparent in
v )

the Spark-Schlieren photozraph of Figure 3a, which otherwise indicates a
disturbance-tree flow. Since static pressure measurements indicated that the
shock induced pressure risc was less than 10% of the total pressure increase
along the ramp, the effect of the leading edge shock on the subsequent de-
velopment of the flow was considered negligible, and the ramp was judged
adequate for use, A different strategy was adopted in the fabrication of

Ramp 3., For this model, surtace curvature was not initiated until 2,54 cm
downstream of the leading edge with the portion in between machined flat.

This separated the curved section of the ramp from the junction with the nozzle
block trailing edge. With a filler material again used to smooth the transi=-
tion from the nozzle to the ramp model, it was possible to produce a shock-
free flow over the initial portion of the ramp. This is illustrated in the
Schlieren photograph of Figure 3b. The density disturbances which are apparent
in the photograph were demonstrated by pressure measurements to represent a
continuous compression fan., Furthermore, the pressure measurements show that
the oblique shock observed in the downstream flow originates 2.5-3 cm down-
stream of the beginning of the curved ramp. The shock is a consequence of
coalescence of pressure waves generated by the ramp, and its existence, location
and origin are predicted by the Method of Characteristics solution to the flow
field.

Each ramp was provided with 0,084 ¢m diameter pressure ports aligned along the
ramp centerline at 1.27 c¢m intervals, The measured surface pressure dis-
tributions for the two ramp models are shown in Figure &, which also includes
data obtained trom the static pressure surveys discussed later. The observed
scatter in the data can be attributed to small inaccuracies in the pressure
measurements and to slight impertections in the surface contour, In both
cases, however, the measured pressure increase is sufficiently linmear that

the flow can be considered as characterized by a constant pressure gradient

with dp/dx equal to 1.2 mmHg/cm and 5 mmHg/cm for Ramps 1 and 3, respectively,




3. PRELIMINARY FLOW FIELD SURVEYS

Prior to the conduct of the final measurements, qualitative pressure surveys
were carried out to insure two dimensional, disturbance-free flow over the
ramps. For Ramp 1, pitot pressure surveys to examine the flow volume over
the ramp were made at seven axial stations ranging from 1.2 cm ahead of the
leading edge to 2.5 cm upstream of the trailing edge. At each station,
continuous pitot pressure surveys extending laterally (z) to 1 cm either side
of the ramp centerline were made at approximately one dozen vertical (y')
locations from the surface to about 1.8 cm above the surface., In addition,
at the same x stations, continuous p. versus y' profiles were traced at five
z locations (approximately = 1,0, = .4 and O cm), Typical records, shown in
Figures 5 and 6, indicate the flow is free of gross disturbances with only

marginal cross flow effects. A graphic representation of the flow field is

resented in Figure 7 where continuous p, versus y' profiles obtained at .63 cm
P t

intervals along the ramp centerline are plotted, Flow is from right to left
with the right hand profile located .63 cm downstream of the leading edge of
the ramp and the left hand profile corresponding to 14,6 cm downstream of the
leading edge. The leading edge shock (actually two closely spaced weak shock

waves also visible in the Schlieren record of Figure 3a) is clearly indicated.

Similar measurements were carried out for Ramp 3 and typical results are shown
in Figures 8-10. Figure 8 presents lateral surveys of static pressure at
several positions above the ramp surface, while lateral traverses of pitot
pressure are indicated in Figure 9, Both figufes indicate that the flow is
two-dimensional and relatively disturbance-free and Figure 8, in particular,
implies no cross flow near the center of the ramp model, Figure 10 is a

pitot pressure map, similar to Figure 7, which depicts the development of the
flow field along the length of the ramp. Although the crossing of the pitot
pressure traces slightly obscures the clarity of the figure, it is still
possible to detect the oblique shock formed by the coalescence of pressure

waves generated by the curved surface,




4 . INSTRUMENTATION

Measurements were made of mean profiles of pitot pressure, static pressure,
and recoverv temperature across the boundary laver, Lach probe was mounted
in the tunnel separately to avoid any possibility of mutual interference be-

tween probes and to minimize blockage caused by the presence of the probes.

The pitot pressure probe consisted of a .0152 cm O.D., tube which was acid
etched to provide a gradual taper along its tip to its .0076 c¢m I1.D, The
probe was attached to an aerodynamic strut which was soldered to a conical
body, housing a miniaturized Kulite pressure transducer (Model VQH-250-10),
located at the front of a remotely driven actuator, The close coupling be-
tween the transducer and the probe tip afforded significant improvement in
the response time of the measurement. The transducer sensitivity of approx-
imately 10 mmHg/mv was checked by calibration prior to each run, The estimated
maximum error in the pitot pressurc measurements was &%/ - when the probe was
located adjacent to the wall near the fromt of the ramp and diminished to 0.25%.
in the freestream over the rear of the ram Various probe corrections due to
rarefaction and viscous effects were found to be negligible although slight
interference effects, caused by proximity ol the urtace, were observed tor
positions very close to the wall., These eftects, however, were very small and

restricted to, at most, a tew positions and, theretore, no corrections were

made ,

Static pressure measurements were made using an ogive-cvlinder shaped probe
with a 0,051 ¢m diameter., Four static pressure ports located equally spaced
wwound the probe periphery were located at 0,63 ¢m from the probe tip. The
probe connected to o Dynisco Model TC APT 85-2 pressure transducer located

outside the wind tunnel. The estimated maximum error in the static pressure

measurement varied trom 2% with the probe positioned at the heginning of the

ramp to 0.67 at the rear of Ramp 3. Viscous interaction corrections for the
static probe werce tound to be neglicible tor the Mach number-Revnolds number
conditions of the present tests, However, the static pressure profiles in-

dicated a small (10%) interterence c¢ftect near the surface of the ramp which

_ _m4 . I‘
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extended out to about y' = .12 c¢m. Since the static pressure varied nearly
linearly through the remainder of the boundary layer, it was possible to
correct for the interference effect by extrapolating the static pressure pro-
file to the wall, This permitted a redundant determination of the surface
pressure distribution., These results are shown in Figure & where they are
seen to provide excellent agreement with the direct measurements of wall

pressure.

For both the static pressure and the pitot pressure measurements, particular
care was exercised to insure that the probe axis was parallel to the local ramp
surface prior to the survey. Both probes were found to be insensitive to yaw
for yvaw angles less than 5 degrees. Since this condition was easily satisfied
across the boundary layer, the boundary layer pressure measurements were un-

affected by yaw.

A bare wire Ch-Al thermocouple, installed in a ceramic tube and also attached
to an aerodynamic strut, was used for the total temperature probe. The thermo-
couple wires were welded to form a disc 0.013 cm thick, thereby providing
almost the same resolution as the pitot pressure probe., The probe was cali-
brated in the wind tunnel freestream to determine its recovery factor versus

Reynolds number characteristic, which can be expressed as:

meas

= 0.9151 + .4799 x 1073 *3..02302 x 10’3Re°

(Re

o,D) ,D

T -T
o
The probe Reynolds number is evaluated at the total temperature T, using a
characteristic length equal to the disc thickness., The output of the thermo-

couple could be read with a resolution of 0.01 mv, corresponding to 0.25°K.

The tunnel stagnation pressure was measured with a 0-800 mmHg Heise pressure
gauge with a least count of 1 mmHg and stagnation temperature was sensed by a

Precision Digital Temperature Indicator which read directly in degrees




Fahrenheit with a resolution of 1°F (.6°K). Although the ramps were not in-

strumented to measure surface temperature, on the basis of a similar boundary

laver study (3) performed in the same facility, it was assumed that R

<945 To, = 300°K which corresponds essentially to the adiabatic wall condition.

Measurement of surtface pressure was made with the model TC APT 85-2 Dvnisco

transducer used for the static pressure surveys,

Measurement of wall shear stress was made using Preston tubes with 0.1, 0.163,
and 0.236 cm 0.D.s. The smallest and largest tmbes were sized using criteria
available in the literature for adverse pressure gradient flows to determine
the minimum and maximum probe diameters. Again, the Dynisco pressure trans-
ducer used tor the static pressure measurements was used to acquire the
Preston tube data. Since the results were found to agree within 5%, only the

data for the 0.l ¢m diameter probe are discussed later.
p

Photographs of the several probes described above are shown in Figures 11 and

2. In each case, flow is from left to right and the probe support is designed

so that aerodynamic disturbances are swept downstream of the probe tip.

S TEST PROCEDURE

Profile data was acquired by first locating the probe adjacent to the ramp

surface where the surtace was located using a 10-power microscope with a

calibrated graticle. For the pitot pressure profile, the probe was then moved

vertically upward at selected intervals until the transducer response was
sutficiently rapid to move the probe at a constant slow rate. For the other
parameters, the variations were sufticiently smal) to permit continuous tra-
versing across the entire boundary laver. A voltage signal proportional to
probe position and the sensor signal were ted to an A/D system whose output
118 recorded on tape cassette to form a permanent data tile. Probe position
intervals ranging from 0.5 mils to 5 mil (depending on the sensor and the
rate ot change ot the measured variable) were used, The recorded data was

subsequently stored in the Company's main computer where it was processed via

a time share terminal.




Although the probe actuator is provided with two degrees of freedom, it is

constrained to move in a vertical direction (normal to the tunnel centerline)

as opposed to normal to the surface. While the probe could be moved in both

the x and y' directions in order to track the normal to the surface, it was
considered more convenient to obtain the surveys along the vertical and use

a simple computer programmed interpolation routine to convert the data to
profiles perpendicular to the model surface,

6. TEST MATRIX

All tests were conducted at the tunnel stagnation conditions listed in Section
2. Mean flow surveys were conducted at the axial stations shown in Figure 13,
which also includes the location of the wall pressure ports and illustrates the

start of the ramp surface relative to the trailing edge of the nozzle block.
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SECTION IIl
DATA REDUCTION

The data reduction procedure was programmed for the Company's Honeywell 66/40
digital computer and all data processing was carried out via a time share
terminal. A schematic of the data reduction routine is shown in Figure 14.
The routine is actually comprised of a number of sub-routines, each designed
to complete a specific calculation. The output of each sub-routine is stored
in a DATA FILE which is used as input to subsequent sub-routines and which can
ve accessed via a graphics terminal to provide a hard copy graphical representa-

tion of the file contents.

The pitot pressure, static pressure and recovery temperature profile data are
recorded separately on tape cassette during the boundary layver surveyv. The
tape cassettes are then fed to the computer creating three data files for each
survev station. These files serve as input to Program BLSURV2 which performs
three functions. First, the data is converted from "as read" units to physical
units. Second, since the y  positions for the static pressure and recovery
temperature profiles differs from those for the pitot pressure survey, the data
for the former is interpolated to provide static pressure and recovery temper-
ature data at the same v' locations as the pitot pressure. Finally, mean flow
properties were calculated by means of standard gasdynamic equations using an
iterative procedure to account for the calibrated recovery temperature character-

istics of the T probe. The resulting boundary layer profiles were stored in
0

DATA File ZMFLXXXX, where Z denotes the ramp and XXXX represents the x station.
A typical printout from BLSURV2 is shown in Table 1. Similarly, to demonstrate
the density ot the data points and the quality of the measurements, plots of
P, /P, P./P_ and T, /T  versus y' are shown in Figures 15-17, respectively.
- (o] s o ¢ oe ’ = <
Profiles of Ymgx: and TOILI‘ for the same x station are presented in Figures
NeAS meas
18 and 19, respectively.

|
!
|
:
|

For a given ramp, the Files ZMFLXXXX serve as input to PROGRAM NEWFLOW which

uses a simple ftour point interpolation scheme to convert the profiles measured

along the vertical to protiles along the normal to the surface. At a given x

10




station the interpolation is carried out using profile data along the vertical
at that station together with vertical profile data at the nearest upstream

; station. The interpolated flow field, which includes profiles along the normal

at all x stations, is stored in a single DATAFILE NEWFLOWZ where Z denotes the
ramp. The content of NEWFLOW is shown, for example, in Figures 20, 21 and 22
where, respectively, u, P and pshave been plotted against the distance normal

to the surface, y. Similar plots for Ramp 3 are shown in Figures 23-25, 1In

| T TR (2 SRS

addition, normal profile data at each x station is stored in separate DATA FILES
ZNFLXXXX, The latter is used as input to PROGRAM VCOLES which correlates the

experimental data with Coles '"Law of the Wake.'" This calculation provides the

| g, TP G

boundary layer thickness &, the wall shear stress -~ and the wake parameter

w?
=. Furthermore, the transformed velocity profile is stored in DATA FILE
ZVCOXXXX in u+, y+ coordinates and in DATA FILE ZVDEFXXXX in velocity deficit ;
coordinates. A sample printout of the output of PROGRAM VCOLES is shown in F
Table 2, Using the value of & provided by VCOLES and either DATA FILE ;
ZNFLXXXX or NEWFLOWZ as input, ?ROGRAN TBLINDIM calculates non-dimensional i

£

profiles of y/& versus u/ue, o/o,, etc,, as well as the integral properties of

e’
the boundary layer. A sample printout of the results of PROGRAM TBLJINDIM is
presented in Table 3.

7
As shown later, the streamwise derivatives of the flow variables u, pu, ou”,

and p are needed to extract the turbulent transport properties from the mean

flow data. To accomplish this DATA FILE NEWFLOWZ is input to PROGRAM RAMSHER. f
An x survey station is selected as a reference location and the associated y :
values are denoted as ¥o! The remaining profiles are then interpolated to find ;
o 1s easily determined %>
knowing the axial location x of the survey station and the local surface

u(s,yo), pu(s,yo), etc., The streamwise distance s at v

curvature., For each y, the flow properties are curve-fit by the method of

least squares to the expression:

3
F(s,yo) = Fl + Fzs e F3s

where F = u, pu, 0u2, or p. With Fl, F2 and F3 determined, the streamwise

11
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derivatives are given by:

SF

— =F, +2F,s
- 2

o8

computes ~/7 ~versus v
c

the streamwise derivatives,

¥ 3 ou -
selected To O Y vutiet Peurvetit
fitted flow field which is convenient
the data or the adequacy of the curve
A listing of the programs used in the

s
A

Once the derivatives are determined for a
and creates DATA FILES ZSHERXXX,
and ZEDYXXXX,

and eddy viscosity as a function of v,
modified to create a data file storing

etc., versus S,

given protile, PROGRAM RAMSHER

storing y, =/~,, and
File

storing y, =, © and ou/ay.

ZEDYXXXX is input finally to PROGRAM EDDY which calculates the mixing length

PROGRAM RAMSHER can also be easily

either u,

Rl y €tc., VS s for
o a

ou .
data
Accessing these files

via the graphics terminal provides a plot of either the experimental or curve

for visually assessing the quality of

fike

data reduction can be found in Appendix




SECTION 1V
EXPERIMENTAL RESULTS

1.  CHARACTERIZATION OF THE PRESSURE GRADIENT

In his treatise on the incompressible turbulent boundary laver, Clauser4
concluded that the proper parameter to use for characterizing equilibrium
profiles in a flow with pressure gradient is 2 = (8%/7y)dp/dx. For compress-
ible flows, Alber and Coats5 suggested replacing = with Ek = (f:/'w)dp/dx and
in their study at M« = 4, Lewis, et alb found indeed that using ik provides an
improved correlation with the low speed data, For the present experiment, the
variation of 3, with axial poéition x is plotted in Figure 26, It is shown
later that 7, increases with x much faster than EE and, since dp/dx is

a

constant, then, as indicated in Figure 26, Sk decreases in the axial direction,
particularly for RAMP 3. Figure 26 includes the data of Sturek and D:mberg7
which also obtained for constant dp/dx using a curved ramp similar to that
involved in the present tests., While a direct comparison cannot be made since
the axial coordinate x has not been properly normalized, their data also show
that 2| decreases with increasing x confirming the present findings. Further-
more, the magnitude of 8 in their experiments indicates that the relative

influence of their pressure gradient should be much larger than in the present

case. This point is addressed later in this report. The data of Lewis, et al,6

is also shown in Figure 26 to demonstrate the similarity in the magnitude of

the pressure gradient parameter 3, with the present results. Since their test
was carried out for an increasing pressure gradient, dp/dx, their values of B
increase in the streamwise direction. However, for equilibrium boundary layers,
this should be immaterial and only the local value of 8k is significant., Ref-
erence to the results of Lewis, et 31,6 will be made in the next section when

the present data is compared with the low speed correlations,

2, CORRELATION OF THE VELOCITY PROFILES

It has become common practice to compare experimentally measured velocity

profiles to a well-defined law (e,g,, Coles composite 'wall-wake' correlation)®

13
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that describes the behavior of an equilibrium turbulent boundary layer. Using
an appropriate transformation to convert the compressible data to an equivalent
incompressible form, this comparison permits an assessment of the quality of
the data, represents a means for evaluating the characteristic boundary layer
parameters (e.g., &, Cgs etc.), and, in the non-constant pressure case, assists
in isolating the effects of pressure gradient on the development of the bound-
ary layer and provides a basis for comparison with other experiments. The
comparison of the experimental data to the classical boundary layer profile
involves curve-fitting the transformed data to the classical profile, while

iterating the values of the unknown parameters until the rms deviation of the

curve-fit is minimized, Details of the curve-fitting procedure and a discussion

of the results are presented below.
Starting with the conventional mixing length expression:

T, - 0% (du/dy)? 1
and combining with the Prandtl hypothesis:
L =ny 2

yields the following relation:

%

V2 du 1 4

du+-=‘(\£'— _._=.__Z 3
Dw u. n, ¥

Integration of the above expression gives

ot

1
-}:Lny++C 4

vhere:

«
!

= yuT/vw

14




Equation 4 is the conventional "Law-of-the-Wall' which, following Coles, has
been replaced by the more general '"Law-of-the-Wake' formulation of the mean
velocity profile, i,e., by:

~

L. m
U+=-_-’.zny++c+f\\’ (y/8) 5

In Equation 5 ¥ is a parameter representing the strength of the wake component
of the boundary layer, W is coles tabulated wake function which can be approxi-

2
mated by 2 sin” (-y/28) and the constants » and C are given their incompressible

values 0.41 and 5.0, respectively,

Equation 5 contains three unknowns: &, u- and <., Substituting the edge

conditions into Equation 5 yields:

g 3y o R 2 ¥ 6
u =<=4n—+C+=—
e v \/w r

which can be used to express T in terms of u. and 6. This reduces the number
of unknowns in Equation 5 to two, whose values are adjusted until the data
fit the equation such that the rms error is a minimum, Data near the wall and
near the edge of the boundary layer are excluded from the curve-fit and only
data for which y+ 2 50 and y/& < 0.9 are used to determine the boundary layer

parameters.

Although the curve-fit procedure is restricted to the wall-wake region, it is
instructive to compare the experimental data to the '"universal' velocity profile

across the entire boundary layer. In the sub-layer region, the velocity profile

is commonly expressed as:

u =y 7

The transition between the sublayer and wall regions of the boundary layer has
been examined by Spalding9 (and later by Kleinsteinlo using a more formal

approach) who suggests that the velocity profile in this zone can be

15

|
|
|
f
|
!
!
|
I
{
i




described bv:

+
.\-+ = u + exp(-«C) "uxp(.‘.u+) - X(U+)
where

+ + 1 +. 2 1 ; 1 /
fCu' ) = 1 + «u + = (20 )' +-; (,,u-{_)j +T_': (.‘u.*.)4

) - . + .
Note that Equation &8 reduces to Equation 7 as #«u - 0 and that Equation 4
: -+ ¥ " A g
is recovered when .u - > 1,0, Equations 8 and 5 are used to represent

the universal velocity protile across the boundary layer,

Typical plots of the experimental velocity profiles in transformed coordinates

are shown in Figures 27 and 28 for Ramp 1 and Ramp 3, respectively. The values

+ 4 Y ; , R .
of u have been determined directly from Equation 4.3 using the measured density

profiles to carry out the integration., This avoids reliance on analytical
transformations and their approximations. The Van Driest Transformation, for
example, which has been successfully used for flat plate boundary layers,
assume constant pressure and relates the density to the velocity via the
Crocco relation. Equation 8 has been represented by dashed lines. For
clarity, a plot of Equation 5 has been omitted since the differences between
the experimental values of ut and the theoretical values cannot be resolved
within the scale used in the figure., In the region y+ < 50, the data tend to
lie above the theoretical curve (a teature common to a considerable body of
experimental data) with the discrepancy reaching a maximum in the range

10 < y+ < 20, This portion of the velocity profile has been replotted to a
larger scale in Figure 29 where for each ramp data from the dp/dx = 0 survey
station and the most tarther downstream station on the ramp have been included,
together with the theoretical profiles given by Equations &, 7, and 8.

The dp/dx = 0 data for Ramp 1 is seen to be in excellent agreement with Equation
8 while for Ramp 3, the data lies slightly above Equation 8. In addition,
it is observed that when dp/dx > 0, then for both ramps there is a small but
definite increase in the discrepancy between the experimental u+ and Equation

8 in the streamwise direction. The reason for this is not immediately




obvious, but it reflects in the mixing length calculations in Section IV-6,
and is discuss ed further in Appendix B,

For both ramps, a plot of the wake function W, for the same survey stations
shown in Figures 27-29, is presented in Figure 30, where it is compared to
Coles' approximation 2 sin2 (my/28). Although the agreement between the ex-
perimental and theoretical wake function is considered reasonable, there is

a systematic increase in the difference W-2 sin2 (my/28) in the streamwise
direction, with the sign of this difference changing from - to + as the outer
edge of the boundary layer is approached. Furthermore, in contrast to the
sine function which vanishes as y/5 = 0, W remains finite as the wall is

approached.

In Reference 8, Coles discusses the effect of pitot probe errors on velocity
measurements near the wall. These errors, which arise from a variety of
sources and include probe interference effects, uncertainty in probe position,
and the influence of locally high turbulence levels, are difficult to diagnose
and to correct., This, in fact, is the main reason why the curve-fitting
procedure is restricted to data for which y+ > 50, For the present tests, the
discrepancies between the data and the universal correlation as illustrated in
Figure 29 and for particularly y/8 < 0.2 in Figure 30, are similar in trend and
magnitude to those associated with the numerous experiments examined by Coles8
and are not considered unusual, Consequently, the curve-fitting procedure is
assumed to provide an accurate determination of the parameters &, u, and 7.

A summary of the boundary layer parameters obtained from the curve-fitting

process is presented in Table 2.

/,
Clauser” defines an effective displacement thickness of the turbulent boundary

layer in terms of the transformed velocities as:

N CHERB R TV 94
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and the corresponding shape factor as:

-] il

G = (v = ut ¥ alsis) 9b

where tor constant pressure lavers G and _./f have the values 6.8 and 3.6,
respectively. UWritten in the velocity defect form used in Equation 9,
Equation 8 becomes:

-~

et e S e 10
Typical plots of u+ - u: versus v/_ for survey stations located just upstream
of, at the midpoint, and at the rear of the ramp, are shown in Figure 31 for
Ramp 1 and Ramp 3 in order to illustrate the effect of the pressure gradient
on the shape of the velocity profile., For Ramp 1, the pressure gradient is
relatively weak and I} is nearly constant and the velocity profiles are in-
dependent of streamwise location. The pressure gradient for Ramp 3 is stronger
and initially the velocity profile is distorted (compare x = 5.08 cm station
to x = 0 cm station). However, since ;k decreases with x, the effect of the
pressure gradient diminishes and the shape of the velocity profile at the

rear of the ramp is almost identical to that where dp/dx = 0.

A plot of the boundary laver thickness ! versus axial position x is shown in
Figure 32 which includes values ot © obtained from the curve-fit to the Law-
of-the-Wake correlation and those determined directly trom the measured vel-
ocity profile. The latter were evaluated from visual inspection of the profile
by selecting the v location where the boundary laver data merged with the data
in the external stream and denoting this position and the associated velocity
as the edge conditions, The thickness ° was defined then as the y position
where u = 0,995 u_ . With the exception of the forward portion of Ramp 3, the
esults derived from the correlation are in excellent agreement with those
obtained from the profile data. The values of ° used subsequently in this

report are those determined from the curve-fit of the velocity profile,
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Figure 33 presents a plot of the wake parameter ¥ versus axial station x. For

both ramps, = jumps to a peak value then similar to Sk, decreases as the rear
| of the ramp is approached. However, while %} is a maximum at the leading edge
of the ramp, the variation of ¥ with x in this region is much slower, with =

’

not reaching its maximum value until x = 3 or 4 cm, Since the pressure waves

generated by the curved ramp surface are swept downstream, then just behind the
leading edge of the ramp the outer portion of the boundary laver retains a
memory of its upstream history (i.e., the flow here is still characteristic of

dp/dx = 0). This is also the wake portion of the boundary layer which con-

tributes largely to the value of =, Therefore, just downstream of the leading
edge, the boundary layer is not in equilibrium with the local value of ke

(Strictly speaking, the procedure for curve-fitting the data to the 'Law-of-

the-Wake" is not valid for these first few survey stations since the velocity
correlation is restricted to equilibrium flows), This is indicated in Figure 34
where ¥ is plotted versus ). The lack of correlation between ¥ and - at the
first two ramp survey stations for Ramp 3 is quite apparent. Figure 34 also
includes the data of Sturek & Danberg7 and Lewis, et 316, and the results of a
number of low speed experiments examined by Coles & Hirstll and correlated by
Lewis, et a16. Interestingly enough, the data of Sturek and Danberg7 lie near
the upper bound to the spread of the low speed data while those of the present
tests fall near the lower bound of the low speed data., For Ramp 1, the values
of 3 are too small to identify any specific trend of = with 5k« Finally, a
plot of Clauser'sa shape factor G versus Sk is shown in Figure 35. Again, the
present data for Ramp 3 lie near the lower bound of the spread of the low speed
data, although the general trend of increasing G with increasing 8k is apparent.

The results for Ramp 1 lie within the low speed data spread while, for compari-

son, the results of Lewis, et 316 are near the upper bound of the low speed
data and in slightly better agreement with the theoretical results of Mellor H
and Gibsonlz. Excluding the flow just downstream of the ramp leading edge, i
the results shown in Figures 34 and 35 are in agreement with the earlier |
findings of Lewis, et alb; namely, that the boundary layer is in approximate :
local equilibrium throughout the adverse pressure gradient region. Thus, !
the boundary layver profiles are characterized by local conditions only and }

unaffected by the fact that % is not constant,
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A plot of the wall shear stress s determined ftrom the curve-fit to the '"Law-
¢

of-the-Wake,'" versus axial station is shown in Figure 36 which includes wall

shear measurements made with the 0.1 c¢m diameter Preston tube. The Preston

. e ; 13 )
tube data was reduced using the Bradshaw=Unsworth correlation:

ap r 12
;: = 96 + 00 loglo(u‘d/SO:w) + 2357 ;loglo(u_d/SOIW)_
0.2 '

+10° L (u da/v ) g0

i
where _p is the Preston tube reading, d is the tube diameter and M_ = u-/nw.
The two sets of results are in very good agreement although the Preston tube
measurements are generally lower than the data obtained from the velocity
correlation with a maximum difference of 9% at the rear of Ramp 3. Both re-
sults, however, show a continuous increase in " In the downstream direction.
To be consistent with the selection of the boundary laver thickness &, the
wall shear stress determined from the curve-fit to Equation 5 is used sub-
sequently in this report. A plot of the local skin friction coefficient cg
versus Re, is presented in Figure 37 which includes, for comparison, the skin
friction coefficient for dp/dx = 0 calculated from the Karman-Schoenberg
equation together with the Van Driest transformation as outlined in Hopkins
and Inouyelg. For a given M, and Rea, the maximum deviation between the
measured ¢y and that calculated for dp/dx = 0 is about 107 with the measured
values somewhat larger. This contrasts with earlier findings which indicate
that ¢y decreases as 5 is increased. Nevertheless, it appears that the in-
crease in the local wall shear stress is the consequence of increases in the

'ocal dynamic pressure brought about by the pressure gradient,
3.  NON-DIMENSIONAL BOUNDARY LAYER PROFILES

As indicated in Section 3, the boundary layer protfiles measured along the

!
|
E
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vertical to the surface of the ramp (i.e., perpendicular to the tunnel axis)
were interpolated to provide profiles normal to the surface. With the boundary
layer thickness 0 now determined as described in Section IV-2, the boundary
layer profiles along the normal can be non-dimensionalized. At each survey
station, the velocity u at the position y = § was arbitrarily assumed equal to
0.995 ue, providing a means for specifying u,. The profile data was searched

to find y = y, at u = Ugs and the edge values of the remaining properties were
defined as their values at Yer The edge conditions Ugs Pas and My and the
integral properties 6* and 6 and listed in Table 2. Because of the variation

of static pressure across the boundary layer and the lack of a freestream region
of uniform flow, it was necessary to modify the conventional expressions for the
integral properties. The definitions used here were suggested by McLafferty and
Barberls, and recommended by Sturek and Danberg7, and take into account the flux
deficit appearing within the boundary layer referenced to 'ideal" properties
calculated with the experimental static pressure profile. The integral thick-
nesses are referenced to the ideal properties at the wall and in the case of
constant static pressure reduce to the classical definitions. According to

this interpretation, the integral profiles are given by:

u"*ék* - fo (u* - u)dy

pw*uw* 6% = [o (o*u* -~ pu)dy

¥

Py uwfze = fo Pu(u* - u)dy

7

where the ideal properties p’ and u* are calculated using the measured static
pressure profile assuming constant total temperature equal to the freestream
Toe value and constant stagnation pressure equal to the test section total

pressure p,.

Profiles of u/u, versus y/6 at each survey station along the curved surface

are shown in Figures 38 and 39, for Ramps 1 and 3, respectively, Similarly,
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protiles of Mach number, M, versus v/’ tor Ramps 1 and 3 are shown, respectively,
in Figures 40 and &41. These tigures indicate that for each ramp, the development
of the boundary laver is gradual and continuous and free of discontinuities, For
Ramp 3 in particular, the profile plots reveal gradual changes in the sublayer

thickness which occur along the length of the ramp,

In a recent paper, Whitfield and Highl6 examined the effect of non-unity Prandtl
number on the total temperature-velocity relationship for zero pressure gradient
flows. The classical Crocco relation H = u/ue is restricted to unity Prandcl
number, an assumption made to eliminate the turbulent shear stress terms from
the combined energv~momentum equation, As a consequence, the Crocco relations
fail to predict the well-known total temperature overshoot observed in non-
unity Prandtl number, adiabatic boundary lavers. To overcome this problem,
Whittfield and Highlb introduced an approximate model ftor the turbulent shear
stress distribution and derived an analytical solution which provides a reason-
able agreement with experimental observations (e.g., see Reference 3), For the
present experiments, it was found that the H versus u/u, relation is insensi=-
tive to the pressure gradient although, as shown later, the shear stress dis-
tribution apparently is strongly dependent on “ke 1t is of interest, therefore,
to examine more closely the Whitfield and Hignlv solution, The combined energy

momentum equation can be expressed as:

d~h 1 d_ dh £
— + (1 =P _)~— —~— 4P  (\=1) M~ =0 11
du” mo- 4 do = :

where, using the Whitfield-High notation, the overbars represent normalization
with respect to the freestream values (i.e., h = h/he, U = u/uwx)., Whitfield
and High assume that the Reynolds shear stress is proportional to the turbulent
kinetic energy which, on the basis of an earlier sLudyl7, leads to the tollow-
ing approximation:

Y

= u” poexp (- 4(y/ )W/: ) 12

vy




Using the definition of U, Equation 12 can be rewritten as:

-
= axp ( - {3/t
w yw

)5/2 ) 13

With the further assumption that the velocity profile can be expressed as a

power law:

u = (y/f*)l/m 14

- et e P . " a0

Equation 1l can be written in the form:

2=
R PR R et
du”

+(l-¢)Ah=0 15

o la

c o
p—g
la

c o

where:

e =1 - Prm

v =5/2m

A= (v-1) Mf, :

Equation 15 1is a second order, non-linear ordinary differential equation
for h(u) which was solved by Whitfield and High 4o assuming a solution of the

form:

h(u) = B (@ +e R @ + ..., 16
subject to the boundary conditions for the adiabatic case:

dEO(O) dﬁl(o)

du du
17
ho(l) =]

h,(1) =0
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Returning to Equation 13 the density ratio (using a typical measured
adiabatic wall profile for Mx = 3 and dp/dx = 0), the exponential term and

the ratio ‘/‘w have been plotted in Figure 42, It is seen that the density
change across the sublaver is much larger than the change in exponential term
so that L o reaches a peak value of almost 1,5 at y/% ~ 0.15. As shown later,
the shear stress distribution in Figure 42 is similar to that for Ek ~ Db In
a recent study, Sandbornlt concluded that for dp/dx = 0, the shear stress
distribution ‘/'w versus v/{ is essentially independent of Mach number and in-
sensitive to wall temperature. In fact, his 'best estimate' of ‘/‘w versus

v/% is closely approximated by the exponential term in Equation 13 and
Figure 42. Consequently, the K’nitfield-}iighlé analysis is repeated below using
the following expression for the turbulent shear stress:

-

TR G P, g - é(y/f)D/') 18

~

Note that at y/f = 0 Equation 18 is equivalent to Equation 4.12. Again,

using the definition of u-, Equation 18 becomes:
5 /I
— = exp ( = 4(¥/3)7'7) 19

Assuming u = (y/‘)llm, Equation 11 can be expressed as:

’,- -
d°h iy 4B

5= = ¢ 4. = * {(Isc)A =0 20
d"u du

where Equation 20 1is now a second order, linear differential equation for
h(u) subject to the boundary conditions given by Equation 17. It is again

assumed that the solution has the form expressed by Equation 16 leading to:

h=1¢+ % :1-52: - € t% 1527 4 4Ay :1-'*+2] 1 21
g T T (aM) (2)
where at the wall:
- A A LA~
- P e -« 22
Ry . 2" * ( 2 (vtl)(a*+2) )
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Note that Equation 21 reduces to the Crocco relation when ¢ = Q.

In the present nomenclature, the Crocco parameter H can be expressed as:

- - -
h + % u” - h
& w
L 23
B
1+ e hw

so that, substituting Equations 21 and 22 into Equation 23, we have for

the adiabatic case:

15 5N

(x+1) (++2)

r 8 2l T o

("r"*'l) ('Y+2)

Thus, to first order, the H - u relationship is independent of both M« and
Prm although it does depend on the velocity power law exponent m. It is
interesting to note that the correction introduced by retaining the shear
stress term in Equation 1l represents a departure from the Walz"" quadratic

law rather than the linear Crocco relation.

To verify that the power series solution for h (u) converges rapidly, Equation
2

20 was solved retaining terms of the order of ¢“. While the resulting solu-

tion for H now shows a dependence on it differs from the first order

solution by less than 1%.

For the case of constant wall temperature, Equation 11 was solved subject to

the boundary conditions:

ho(O) = Ew
EI(O) = 0

ho(l) - 1

hl(l) = 0




Following the same procedure used for the adiabatic case, we obtain for the

E - u relation:

{ 2. 4LAn

- (~+1) (r+2)

b \ - - - \ =
e 1 + g b 1 « W 3 (1-0) 5

In this case again, the (rocco relation H = u is recovered when ¢ = 0,

o R SR o wE S " ‘
ions for H versus u will now be consid-

3 3¢ .- o+ 11 . ¥ iia ;s " N 1 oy ] - S Y P ~- Q e 1
ered., For the adiabatic case, Equation 24 is plotted in Figure 43 for several
1o
11 . A " H o) . ielde S My ~ A TR “ - 1 = ]
values of nd is compared to the tfield-Higl solution (for Mx = 3,
Py = s ] - 1 s * 1 m 5 i * ~ . = A 1 - » - 3
Py = B8, = 7) and pical experimental data (for the same Mach number). It
is seen that shape of the H versus u cutrve given by Equation 24 1is quite
’ ¥ av:d § ' " - sou & ¥ T $oi e . PR TR =
¥ to e solution of Whitfield and His (and to the data) and that both
predict the T _ overshoot. However, for given y/°, Equation 4Z& predicts

larger values of B than the Whitfield-High solution. In addition, increasing
the value of m shifts Equation 24 closer to the data. A comparison of the
power law velocity profile tor several values of m to a typical experimental

zero pressure gradient, adiabatic wall velocity profile is shown in Figure 44,

is plot demonstrates that the power law profile does not provide a good

representation of the data inasmuch as the value of m which fits the experi=-

increases with v/°, 1In Figure 43, this implies that H-u

~

mental profi
relation shifts toward curves with increasing values of m as u increases. In
view of the sensitivitv of Equation 24 to the exponent m it would be of

e

iterest to solve the basic equation using a more realistic velocity profile.

This, however, would pro Iv require numerical solution.

It should be pointed out that for the adiabatic case, the temperature differ-
g - - is not 1 ¢ nd for the present case where M_ = 3, is only

ence 3¢ Iy 1s no 1 for tl X 1 where V s )




about 18 - 20°C. The parameter H is quite sensitive and for example, an in-
crement of 0,1l in H represents only a 2° change in the local total temperature.
Hence, the apparently large differences in Figure 43 correspond to only a few
degrees in absolute temperature. With this in mind, it is suggested chat che
Ta distribution across the boundary layver is insensitive to the model assumed
for the turbulent shear stresses. This may explain why the present tests,
where the pressure gradient produces large changes in the shear stress dis-
tribution, indicate similar results for the variation of H versus u. This is

shown in Figure 45 when H versus U has been plotted for dp/dx = 0 and for

m

forward and aft position on both ramps. The similarity in the H profiles i
quite obvious and in general, differences from the dp/dx = 0 case cannot be

distinguished.

Before closing this discussion, it is instructive to examine the solution for
the constant wall temperature case. A plot of Equation 26 for M. = 3,

Prp, = .88, m = 7 and several values of wall temperature is presented in

Figure 46 where it is compared to the Crocco relation, the \x’hitfield-High10
solution and typical experimental data3. The differences between Equation 264
and the solution of Whitfield and High are quite small, both are in good agree-
ment with the data, and it is apparent that even for modest heat transfer rates
(i.e., the Tw/l’oe = .714 case) the classical Crocco relation is a good ap-
proximation to the data.

DETERMINATION OF STREAMWISE DERIVATIVES

In order to calculate the turbulent shear stress distribution at survey stations
located along the curved ramp surface, it is necessary to first calculate the

y profile of the streamwise gradient of ou, Du: and p. At this stage, the

flow field data is specified in terms of profiles of u, o, ocu, etc., along the
normal to the surface at several streamwise locations. The set of v locations
generally differ at each surveyv station. Therefore, a reference station,

generally located near the midpoint of the ramp, is selected and the y locations

at this station are denoted Yoo At each remaining station, the profile data is
C

ro
~
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interpolated to determine the flow properties at Yoo For each ¥o then, the
Ly |

properties u, Ju, Ju” and p are curve-fit to a second order polynomial in

terms of the streamwise distance s and the resulting expression can be differ-

entiated analytically to determine d :u(yo,s)/ds, etc.,

An illustration of the newly interpolated flow field and the resulting curve-
fitted flow field is shown for Ramp 1l in Figures 47-49 where, respectively, u,
ou and p have been plotted versus s for selected y positions. Similar plots of
u, cu and p versus s for Ramp 3 are shown in Figures 50-52, respectively., In
carrying out the curve-fit, particular caution must be exercised concerning the
data from the first few survey stations on the ramp. The pressure waves
generated by the ramp are swept downstream and the leading pressure wave
penetrates the outer edge of the boundary laver several centimeters downstream
of the ramp leading edge. In this region, the inner portion of the boundary
layer feels the influence of the pressure gradient while the outer portion is
characteristic of dp/dx = 0. Moving downstream from the leading edge, the
inner portion influenced by dp/dx > 0 grows thicker while the outer portion,
where the effect of dp/dx = 0 persists, tends to vanish, Data from survey
stations within this region should be excluded from the curve-fit since the
profiles here are not characteristic of the equilibrated boundary layver in an
adverse pressure gradient. This effect is illustratedin Figure 51 where the
data at x stations O, .63, and 1.9, particularly at the outer edge of the

layer, does not blend smoothly with the downstream flow field.

A partial test of the validity of the curve-fit is provided by examining the
changes introduced by arbitrarily eliminating data from some of the survey
stations. For Ramp 1, for example, the results obtained by retaining the rear
survey stations and eliminating one or more of the forward survey stations
(starting with x = 2,74 cm) differed to an unacceptable degree. Only a slight
improvement was observed by reversing the procedure. However, a significant
improvement was obtained by including the x = -1,27 station in the curve-fit,
In this case, eliminating downstream stations produces only small changes in
the curve-fit parameters and provided acceptable shear stress distributions

over most of the ramp. Including this station, although it is located upstream
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of the ramp, was justified by the relatively small pressure gradient associated

with Ramp 1 and the fact that the edge properties do not vary significantly in
I the streamwise direction (see Figures 47-49)., For Ramp 3, however, it was
considered necessary to exclude the data from the first three ramp stations
from the curve-fit,

-
Illustrations of the y variation of the streamwise derivatives 3ou/ds, dou”

/3s,
and 9p/3ds for Ramp 3, x = 7,62 cm are shown in Figures 54-56, respectively.
These curves are not considered typical since the magnitude of the derivatives
and the shape of the curves depend on s and dp/dx, but they demonstrate that
the curve-fitting procedure yields continuous results with relatively little

scatter in the derivatives.

5. TURBULENT SHEAR STRESS DISTRIBUTION

a. Zero Pressure Gradient Region

Combining the continuity and streamwise momentum equations for a zero pressure

gradient, adiabatic boundary layer yields:

¥ 3
o ox

Te T =

B
w o

o 2

== e , 2

= (pu®) dy - u. (pu) dy 27
Following Sturek2 we assume that the flow is locally similar (i.e., that u/ue,
o/oe, etc., are functions only of y/&) so that Equation 4.27 can be rewritten

ass:

R N
w148 17 P u ¥ ou $ 28
—waasl g . dy - — dy -
pu_ 5 dx P Uy u Petles

The assumption of local similarity is a convenient approximation and is not
valid near the wall., However, in this region the contribution of the con-
vective terms is quite small and the use of the approximation across the
entire boundary layer is justified., With this assumption, we can also write:

1 a5 1d 1 cf
=—-—=E—2

dx 2 dx
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Substituting this relation into Equation 28, we have:

T_-1+ 1
T

w B8p _u

@ o™

\r\ 0u2d_\' -u [V ou d)" 30
Jo )

2
which can be evaluated numerically using the measured profile data,
b. Adverse Pressure Gradient Region
2
According to Sturek™, the equations of continuity and momentum conservation

for a two dimensional boundary layer over a surface with longitudinal curvature

are:

Continuity

3 g ¢ -
= (ou) + = L+ ky)ov + oW1 ~0 51
Momentum
1 du (] du e I | k
———— — g , —— o y y ——
1+ky Pu ds ek pn) Ay (pv + p'v’) u 1+k
32

N

e S ;.2+.3_‘I

1+ky Js Ay
Integrating Equations 31 and 32 in the direction y normal to the surface
and combining the resulting equations vields the following relation for the

shear stress distribution:

T ‘ iy " ¥ 5
—— L g (pu®) dy - uR = (pu) dy
T T ) ‘o R N ‘o ds g
w w
L%
s ™ I Py
5 (y Y a | ‘2 . [ 3 . op
-2, o= (pu) dy J uRk dy 4+ | B = dy 33
o o ds s . o s \
i
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The streamwise derivatives fg appearing in the above equation were determined

using the curve-fit procedure described in the previous section. The values

of the wall stress T vere taken from the correlation of the measured profile
3

data with Coles "Law-of=-the-Wake.'"

c. Results

The computed normalized shear stress distributions for Ramp 1 are shown in |
Figure 56 and include the stress distribution in the zero pressure gradient
region 1.27 cm upstream of the ramp leading edge and those obtained in the
adverse pressure gradient region at stations ranging from x = 5.27 to 12.79 cm
The scatter in the data points is nil and for clarity, the shear stress dis- |
tributions have been represented by continuous lines drawn through the data |
points. In the zero pressure gradient case, the computed shear stress dis-

tribution is in good agreement with expectations based on Sandborn's 'best

estimate" for flat plate boundary layers.l8 For the adverse pressure gradient

region, the stress distributions indicate a peak at v ~ 0.2 to 0.3 cm (v/& =

.3 to .45), with the location of the peak value shifting away from the wall at

the downstream locations. In addition, the shear stress remains finite at the

edge of the layer although there is a systematic shift in the sign of the

residual -~ from negative to slightly poditive in the downstream direction,

If the data input to Equation 33 were completely accurate, the shear stress
should tend to zero in the external flow. (Actually, the flow in the external
stream is not uniform, so that the streamwise derivatives there do not
identically vanish and 7 remains finite, albeit small), Even if the measured
profiles were highly accurate, each of the subsequent manipulations to which
the data is subjected introduces an uncertainty which reflects in the final
result, Thus, the non-vanishing stress at the boundary layver edge in Figure 56

is believed to be primarily a consequence of the data processing, It is
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possible to "correct" the data so that the shear stress does vanish at the edue
of the boundary laver. For example, SLurck: altered his protile of oou/os
versus v to eliminate a large negative residual stress at v/° = 1,0. However,
there is no rationale for changing only one of the derivative terms to the
exclusion of the others. It is also possible to alter the curve-fit described
in Section IV-4 by excluding some of the profile stations. Here again, there
is no basis for culling the data used in the curve-fit except tor data just
behind the leading edge as discussed in the previous section. Consequently,
the data has been left unaltered and the shear stress distributions at x
stations 8.98, 10.25 and 11.52 cm, where ‘/'w becomes negligible at the edge
of the boundary laver, are considered representative of Ramp 1.

Since the flow properties from y = 0 to y = v all contribute to the magnitude
of — at y = v, any correction which would cause = = 0 at y = 0 would also
introduce a change of the same sign and a proportional magnitude to the peak
shear stress, In Figure 56, it appears that if 7 was adjusted to vanish at

the edge of the laver, then the stress distributions /'w versus Vv/{ tend to

approach each other. This implies that the normalized shear stress distribution

is insensitive to x location, i.e., to = and is, instead, dependent on dp/dx.

k?

The results show further that even a weak pressure gradient S 0.4 produces

a peak shear stress 607 greater than the wall shear.

The shear stress distributions for Ramp 3 are shown in Figure 57 which includes
again the zero pressure gradient result and the results for surveys stations in
the adverse pressure region ranging from x = 3,18 to 7.62 cm. While the peak
shear stress in this case is 3 to 3.5 times the wall value, the behavior of the
stress distribution as a function of x is similar to that observed for Ramp 1
and most of the comments made concerning the Ramp 1 results apply to Ramp 3

as well, In particular, the shear stress does not completely vanish at the
edge of the boundary layer (although 7 = 0 in the external stream). The
residual shear stress at vy ~ & is generally positive with a maximum absolute
value of 0.4 “w» Which is probably the maximum uncertainty introduced by the

data processing procedure, and is now only 10% of the maximum shear stress
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in the boundary layer. This data shows more conclusively that the normalized
shear stress distribution appears to be dependent on dp/dx rather than Ek
which, for this ramp, decreases by a factor of almost two in the streamwise

direction, Sturek's7 results indicate a relaxation effect on the shear stress

profile since the maximum ’/"w at his forward survey station (which was located

near the mid-point of his ramp) was one-half the peak '/*w observed at his
downstream stations. However, in his case, dp/dx varied continuously from 0 to
a finite value at the forward survey station where it remained constant over
the remainder of the ramp. This contrasts the present experiment where a
constant dp/dx was imposed at the ramp leading edge and may account for his
observations. It should also be noted that the peak ~/7, increased quickly

downstream of his first survey station.

The effect of pressure gradient on the turbulent shear stress distribution
across the boundary layer is illustrated in Figure 58 where stress profiles
'/?w versus y for dp/dx = 0 and representative stations of Ramp 1 (dp/dx =
1.2 mmHg/cm) and Ramp 3 (dp/dx = 5 mmHg/cm) are shown. It is apparent that
the stress distribution is extremely sensitive to dp/dx with the peak value
of ~/*w rising from 60 to 300% above the wall value for the weak to moderate
pressure gradients used in the present tests, It should be emphasized that
while ’/7w versus y is invariant with x location, the absolute magnitude of
is increasing since 7, increases with x. This is demonstrated in Figure 59
where T versus y has been plotted for selected x stations along Ramp 3. Note
that the maximum shear stress 7 at the downstream position on this ramp is 5-6

times greater than T in the dp/dx = 0 flow ahead of the ramp.

Since Bk is a decreasing function of x for a constant pressure gradient flow,
it cannot be used to correlate the shear stress T/Tw which appears to be in-

sensitive to x, However, the parameter Rko’ where ég and T are evaluated in

the zero pressure gradient flow just upstream of the curved surface, is a
characteristic of the flow field and remains constant for constant dp/dx. A
plot of the peak value of 7/7, versus 3y, including data from Sturek's7
experiment and the present tests, is shown in Figure 60. The dashed line i
|

representing a linear variation 0f<’/*Wﬂ11) with 3, was drawn through the

max
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obtained from the present tests.

most representative values of (7/7,.11)

max
Although the data do not follow a linear variation, they indicate a consist-

ent trend and demonstrate a reasonable agreement between the results of the

two experiments.

6. TURBULENT TRANSPORT COEFFICIENTS

With the turbulent shear stress distribution determined, it is possible to
calculate the mixing length £, and the eddy viscosity €, using the following

expressions:

‘ 'r/Oeue2 2
z- 3
P Lo [ aw/u)/atyre)
and
e T/D u
—— = ¢ — 35
ug k (0/0,) [ 3(ulu)/3(y/8) 1 (&,/¢8)

In the above expressions, T is the turbulent shear stress and is obtained by
subtracting from the stresses computed in the previous section the laminar
contribution udu/dy. Because of the very high density of data points, Jdu/dy
was determined directly from the measured velocity profile using a simple
differencing scheme and no attempt was made to smooth either the velocity
profile or the variation of du/dy. As a result, the results for 4/§ and
e/ueéz reflect the scatter in the velocity gradient term. A typical plot of
b(u/ue)/a(y/ﬁ) is shown in Figure 61.

Near the outer edge of the boundary layer, both T and du/dy tend toward zero.
As a consequence, large errors are introduced in the calculation of e/ueéz
and, particularly, in £/6. For this reason, when y/d > 0.8 these quantities

are considered unreliable and are not included in the results.
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A plot of Z/% versus y/! for the zero pressure gradient boundary laver upstream
of Ramp 3 is shown in Figure 62. The scatter in the data, while not small,

does not detract from a well-defined trend. Both the slope of the data in the
wall region (./f = 0.4 y/%) and the magnitude of Z/% in the plateau region are

in good agreement with the conventionally accepted results of Maise and
McDonald.ZO The influence of the adverse pressure gradient on {/{ is shown

in Figures 63 and 64 for Ramp 3 and Ramp 1, respectively, Because of the scatter
in the results, the variation of /& with y/8 has been represented by a curve
drawn through the mean of the data points and the maximum range of the scatter is
denoted by a vertical bar on each mean curve. While '/’w was shown to be in-
sensitive to x, the mixing length is not normalized by a wall parameter and,
therefore, 4/3 is dependent on the x station and increases in the downstream

direction. From Equations 34 and 35, it can be shown that

LIE e (tieYE ] (uley)

™

v (t/0) [ (u/ay)

A close examination of the data reveals that while - and 0 both increase with
x, the ratio 7/o also increases and ou/dy actually decreases. As a consequence,

for a given y/S in the plateau region, both {/0 and s/ue5“ increase in the

Kk
downstream as shown in Figures 63 through 67. Two points of particular inter-

est are apparent in Figures 63 and 64, First, in the adverse pressure gradient

region, the slope k (/8 = k y/§) in the wall region is 0.65 and is independent
of x and dp/dx. This finding is identical to Sturek's observntion,: and its
implication on the 'wall-wake' velocity correlations described in Section IV-2
is pursued further in Appendix B, Second, the magnitude of {/& is similar to
the values found by Sturek,2 although Sturek's value of 8ko and those for |

Ramps 1 and 3 differ by as much as a factor of 9,

A plot of the normalized eddy viscosity e/ueﬁ"k versus y/8 for the same dp/dx = |

0 station shown in Figure 62 is presented in Figure 65 where it is found to be

35



in excellent agreement with the universally accepted results of Maise and
McDonnldzo for a similar M_ and Re.. The effect of adverse pressure gradient
on the eddy viscosity is shown in Figures 60 and 67 where, similar to the
mixing length, the data points have been replaced by continuous curves faired
through the points and the maximum scatter in the data is represented by
vertical bars. These tigures reflect the same behavior observed for the mix~
ing length and show that the eddy viscosity increases with x,with somewhat
larger increases apparent for the larger value of dp/dx. In fact, the maximum
value of :./ue‘*k is even larger than that found by Scurek: although Sturek's

value of . is twice as large as that for Ramp 3. However, for the zero

pressure gradient case, Sturek found e/uefnk to be only half as large as that
: : ; 20 : ;
predicted by Maise and McDonald and this discrepancy may also be reflected

in his adverse pressure gradient results.
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SECTION V
SUMMARY AND CONCLUSIONS

Measurements have been made of mean flow profiles at several streamwise
locations in the supersonic turbulent boundary layer over a curved ramp
surface. Two ramp models, designed to produce a constant adverse pressure
gradient flow, were used with Sy, = (dp/dx)(S;:/'w)o (with S;f/'w)0 evaluated
upstream of the ramp where dp/dx = 0) equal to 0.41 and 1.85. Analysis of
the profile data indicated that:

1) With an appropriate compressibility transformation, the data correlates

with the well-defined Coles 'wall-wake' incompressible velocity profile.

2) Correlation of the wake parameter = and the Clauser shape factor G with
the local pressure gradient parameter 3 is in agreement with the low speed

data,

3) In agreement with the earlier findings of Lewis, et 31,6

the boundary
layer appears to be in a state of local equilibrium and is not dependent on

upstream history.

4) The total temperature profile, in the form (T -T /T e-T )versus ufy, is

I
insensitive to the pressure gradient and is similar to the variation for a ?
zero pressure gradient boundary layer. %
5) The skin friction coefficient cy was found to be essentially the same as b
for dp/dx = 0, implying that the observed increases in wall shear are a con- E
sequence of the increased external stream dynamic pressure introduced by the ﬁ

|

pressure gradient, '

Using the "indirect method,'" the flow field measurements were further analvzed

to extract the turbulent transport terms from the mean flow data. Results

show that:

1) The distribution of '/’w, £/8 and e/uCSQ across the boundarv laver for the
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zero pressure gradient data of the present experiment are in good agreement

with the earlier findings of Sandborn18 and Maise and McDonald.20

2) The variation of the turbulent shear stress T with distance from the
surface is significantly distorted by even modest values of dp/dx. In contrast
to the zero pressure gradient distribution, when dp/dx > 0, 7 increases above

its wall value, reaching a maximum at y/5 about 0.3 to 0.4.

3) The normalized shear stress distribution 7/7y, versus y/5 is independent

of the local Zk, although the peak value of '/?w appears to correlate with Eko'

4) The maximum values of 4/% and s/u65; for the adverse pressure gradient flows

reflect the increases observed in the maximum values of ~.

5) In the region of the wall, the slope constant k in the expression %4/5 =
k (y/?) is 0.65 for the adverse pressure gradient case in contrast to the
zero pressure gradient value of 0.4. The value of k is independent of Ek and

% and is identical to the result obtained by Sturek2 for 5ko = 3.45,
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RAMP 3

RAMP 1

Figure 2, Photographs of Ramps Installed in the Wind Tunnel




RAMP 3

RAMP 1

Figure 3., Schlieren Photograph of Ramp Flow Field
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A) PITOT PRESSURE PROBE

SIDE
VIEW

BOTTOM
VIEW

B) TOTAL TEMPERATURE PROBE

Photographs of the Pitot Pressure and Total Temperature Probes

Figure 11.
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A) STATIC PRESSURE PROBE

B) PRESTON TUBE

Figure 12, Photographs of the Static Pressure and Preston Tube Probes
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APPENDIX A

DATA REDUCTION PROGRAMS

This section contains Program Listings for the various computer codes used
in the data reduction. Each listing contains REMARK statements providing
an explanation of the data inputs required for program execution and in
some instances, typical input is illustrated in DATA statements. Figure 14
of the text indicates the sequence in which the programs are used during the

overall data reduction process.
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10
)10

13
14
iS5
15
12
19
20
21
36

-r

an
45
S0

L=
(oo}

=31

o>

e IOV U w B Y BN BN B I £}
= ooNMo Ao d N

REM
PEM
FEM
REM
FEM
PEM
PEM
PEM™
PEM
FEM

PROGRAM BLSURV2

EL-SLIRYEY-2

F 1S THE PAMP NDO.@1 IS 7230 MMHG.Q2 IS S70 DEE R:MW IC THE WALL

TEMP S40 DEG FySS IS THE TO0 PRORBE DIAR=. 005 INs AND N4 IS THE

NUMBERP OF » PROFILES. X IS THE PPOFILE STRCIND «POsHOsEN RARE THE

PO S iMMHE? FORP THE PYsPS,TT SURYEYSS CO-D0OsTO RRE THE TO0-S FOR
TOSUPYEYSSN1N2sN2 RRE THE MUMBER OF POINTS IN THE PT:PS,TT SURVEYS
C1.C2 ARE COEFF IN YCM)=CleY (M¥Y>+L2, C3 IS PMMY/PMY)> FOR

PT ZURVEYS C4.CS,Cé RRE SAME FOR PS SURYEYS C7»C8 ARE Y CONYERSION
FOR TT SURVEY AND CS.D1 APE FOR T(DEE F>=CSeT (MVY>+D1. X1 (N» AND
2Ny RRE XCINY AND PHA/POCX).

FILES F1liF2iF3iF43iFS

InIm
DIm
nim

RPERD
RERL
FERD

FOR

FPERD
®=¥1<(N>» 30 TO 70

IF

Y20 «P200D o 22000 202000 o (2000 o T200>
1015 e 22 €150

eg2nor oRP1 2000 s Q@Ic200D « T (2000
“ePOsAROSROSCOs DO, TOSNLIy NSN3
PeD1eQ2rsbe S5+ N4
C1eC2yC2eCas(CSsCHLCTCECSy D1
N=1 TO N4

X1 (N 922 TN

NEXT N

LE}
LET
LEY
LEF

Si =52 (N R0
2 =m0
T =h
W0y =0

PPINT -~ EOUNDAPY LAYER ZURVEYS: X (CM)="Xe2.54
PRINT
PRINT
PRINT
PRINT TAB(1%),"PITOT SURYVEY",“STATIC SURVYEY™s "TEMP SURVEY"
PRINT
PRINT = PO(MMHE) “+POsANs BO

PPINT " TOJCDEE K> " cCO+460) 71.8s cDO+IE00 /1.8 CTO+300> 1.8
PPINT * PWiMMHE> “y S2 (N> oP 0y S2 (N) #R (s S2 (N1 ®BO

PRINT

PRINT

PRINT

PRINT * WHAT ARE FILES PTXXMXsPEXXXRe TREXX s PETXXXX e PLORXXXX ™

INPUT F18:F2SsF28,F48,F5SS
FILE =1sF1$8
FILE =2,Fcs$
FILE #2,F3$%
FILE =4.F4$
FILE =5.F5%
PRINT

PRINT

PRINT

PRINT

PRINT
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4

2NN PRPINT ~ PPECL PSPPI PO PTOCTETTPIIETTLES IS L+
PRINT

PRINT

PRINT

PRINT

PPRINT *~ PITOT PRESSURE PPROFILE"

PRINT

PRPINT

PRINT "YimMy2 "y “PT(MY) “s “Y(CM» " "PT (MMHE> “« “"PT/PD"™

PRINT

FOF L=1 TO N1

RERD =1,Y L) P L)

PRINT Yd>sPiL>y

LET Yd>=CleYiL)+C2

LET PCL)=CReP (L)

PRPINT YiL>sPiILYsP L) ZPO

NEXT L

PRINT

PRPINT

PRINT

PRINT

PPRINT

PRINT * L R B R S e R S S R R S S R S ]

PRINT

PRINT

PRINT

PRINT

PRPINT * ZTARATIC PRESSURE PROFILET

PPINT t
PRINT ¢
PPRINT Y (M) "y “PS(MY) "o "V (CHMD "y “PS (MMHGE) " "PE-P0O"

% PPINT

FOP L=1 TO N2 ‘
PEAD ©2yZ (L) »S (L) :
PRINT ZiLysS L)y l
LET Z<Lr=C4eZ(L)+CS i
LET ZdL)=Cées (LD

PRINT Z<L>»s Sl s S (L) 7RO

NEXT L

PRINT ¥
PRINT

PRINT

PRINT

PRINT

PRINT * L e e O R e e S S e e s e =

PRINT

PRINT

PRINT

PRINT

PRINT - PECOVERY TEMPERRTURE PROFILE"

PRINT

PRINT !
0 LET TO=T0+460

465 PRINT “"YMY) “s“TT(MY) “» "Y((CM) "y “TT(DEG K> " "TT-TG"

[ X
-0
o

DU B R, W RO, I

A >N

L=

e S SO b US4 =

DLV IDTAANL DL QWMNI -

Moo AN

P

SRR ROOR B I O ORI O O N O OO O N O R O O (O O (K K

u
o

T ST ——
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4T 0
47s
=20
485
49
49%
S0
J s0%

S19
515
s20
529
S20
539
sS40
545
550
b o
Se0
SES

==
bz

[
i

sa0
=25
san
sas
BO0
A0S
£10
615
BE0
BES
530
635
A4
545
£SO
5SS
660
RES
A70
B7s
BED
HAS
/90
695
00
T0s
710
715
7en
7es

V20
—ae

U e

van

T U ——  _ -

FOP L=1 TO N2

PEAD =3«W D T

PRINT WL TiLD)y»

LET WdL)=C7ed (L>+(C8

LET TW)=<CCeT (L) +D1)>+460
FPRINT W) s TAD 71.8sTCUX-TO
NEXT L

PRINT

PRPINT

PRINT

PRINT

PRINT

PRINT - R R a2 S a2 S o ]
PRINT

PRINTY

PRINTY

PRINT

PRINT * SUMMARY OF PROFILE DARTAs X="xeg.54

PRINT

PRINT “Y(CM) ", “PT- P0"s "PS/PQ":"TT-TO"

PRINT

SCRATCH =4

FOrR =1 TO N1

FOP k=1 TO N2

IF 2Oy 60 7O 600

NEXT K

LET Q3¢ =S K=1)+ (S =S K=1)) &Y (D =Z(K=1)) -/ (ZKY=2(K—=1>)>
FOR L=1 TO N2

IF WiL>>Y<J> &0 7O 620

NEXT L

LET T1 =T =10+(TAX-TA-DYeWV (D~ L=-1D) /MWL) L=1)D
PRINT YUy sP (I Z7PORI I 7RO TIC DO /TO

VRITE 24:Y (D yP () APQe@IC I RO TI (D -TO

NEXT J

PRINT

PRINT

PRPINT

PRINT

PRINT

PRINT ~ P R S 2 g S o o S S S S
PRINT

PRINT

PRINT

PRINT

PRINT

PRINT ~ MEAN FLOW PROFILES <TBL-J>» RAMP NO"R

PRINT

PRINT

PRINT

PRINT

PRINT

PRINT ~ PleN/M2
PPINT *~ TO«DEG K
PRPINT ~ TWe DEG K
PRINT ~ P < o MMM

"Q1e133.3
"N2-1.8
"Wl 8
"RE (N e




745 PPINT * XeCM ="Xe2.34

TS0 PRINT

7SS PPINT 4

Teu PRINT

TES PRINT |

TTO PPINT “Y(CM: "¢ "M™s "UiM/SEC™ s "RHO (KE/M3) "+ "PE (M-1> " 13
{

TTS PPINT TAR1SY, "T(DEE K> "« “TOCDER K> “y "PS (MMMHE) "y "RHOU (K6 M2SEC) ©
Ta0 PRINT

TeS TCPRTCH =%

Y0 FOFP N=1 TO M1

e e
i

7as LET P2= P (N &R0~ (Q3 (N oP0)

200 IF PE~1.09286 60 TO 820

Sns IF P2 <1 GO TO 965 1
S10 LET M1=COR (Ser ((P2)A(1,3.5))=1>) H
215 GO TO 860 |
G20 LET Mi=:(.SeP2>~i1,/1.6) f
325 LET Fl=i1.2eMieMd ~2.5 H
2530 LET Fe=ih- ToMleMId—1))~2.5 §

225 LET Pil=F1lef2

230 LET Ti=P2-P1) P2

=4S IF RRS 21>y <=.001 60 7O K60

250 LET Mi=mi1+71

2SS 60 70 825

Se0 LET T3=T1 N eQ2-TQ

2RSS LET F=1+c( CeMiem))

270 LET C1=.0016C3¢Q2 N efFeQ1 ./ (TIeRM

VS LET So=49. 11eM1eSRR (T3P

LET SE=.00000002276<T3%1,.5) /7 (T3+199)

=230 =

23S LEY S4=S1etZeit. 12653

290 LET TRA=.91509% 4+, (10N4799eSPR (Z4) -, N0N0230237eS 4

295 LET Z6=(See 1 -1 /F))i+ (1P |
00 LET T4=/T1 (N e@2) / (TOeSH) |
205 IF ABST3-T4)<=.S GO TO 920 o
<10 LET T2=T4 R
=15 G0 TO 965 .
920 LET P1(N'=S1e32,2e16. 04 I
925 LET TS=T4 F H
SED LET LiNY=M1e4%9, (11 eSOR (TS) e, 2048

S2S LET Y1=. 0000000227 ¢¢TS~1,5) .- (TS+199)

40 LET T7= P11 M1l NI~ (12eN 1 @157 . 426) 1 &1 (172,54

345 PPINT YN oM1oU N oR1 (N 427 ¢
QS0 PRPINT TAR(1S) o TS 1.8T4/ 1. &, 03 N Q1 -A0sU N oR] (N

a5S PPINT

60 WRITE 2S5«Y N sUNY oR1I (MY oUNY SR (N s T4/1. 8

RS MNEXT N

avn PRINT

a7S PRINT

Qg0 STOP

1000 DATA 23.25:730:730.5¢730.59110109 110+ 146¢132,123

1010 DATAR 2e730.570,540., 005,15

1020 DRATA 000207181, 126531y . 09697, . 10020718, 1. (19449, . 14113+, 010020718

1020 DARTA 1. 0272314..44218, 32,782

10410 DRATA —=1.2S:. 12986y =, 7S . (12071 e=. 2%+ . 012975y Ue, (12986, 25.. 03212
1050 DATA 7S . 04, 1.25«.04732¢ 1.5 . 01S301+ 1,75, 0595y . 16504

1060 DRTA &.28S+. DAR9Q 2. Se 7207 ¢, 7S . UTBES s 2o . U877 3. 2% . 092 0n
Q9Q9 END
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N g T

{
PROGRAM NEWFLOW j
i

R

10 PEM NEWFLOM

11 PEM O1 IS THE NUMBER OF THE FIRST X STARTION

2 PEM Q2 1S THE NUMBRER OF THE LAST X STRTION MINUS ONE
12 PEM B IS THE PAMP NUMBER

14 PEM “(N' I2 THE LOCATION DF THE < STATION «INCHED
15 PEM DNY IS THE HEIGHT OF THE PAMP <«CMd RT

16 PEM A‘N> IS THE SLOPE OF THE RAMP (RADY AT «

17 PEM ENTER Q1,02+B AT LINE 1000

18 PEM ENTER IST 5 INPUT FILES AT 202 ¥
19 PEM ENTER PEMARINING INPUT FILES AT 204

20 PEM A TOTAL OF 10 FILE NPMES,REAL OR FICTICIOUSsMUST BE INPUT ¢
100 FILES F1iF2iF3 !

e S ———
= Saiens. PO

110 DIM Y1118 U1 C118Y,RP1C118)sP1 (1183 T1¢118)
120 DIM Y20118) +U2C118) »RP2C118) sP2 (118> » T2 118D

125 DIM AC1S) s D15 pX (15

130 PEAD 01+02+B

122 FOP N=1 TO Q2+1

140 READ X (N s DN o AN

142 NEXT N

150 PPINT ~ INTEPPOLATED PAMP FLOW FIELD"

160 PPINT - PAMP NO"B

T0 PPINT ‘
180 PPINT »
190 PRINT |
200 PRINT ~ WHAT ARE PROFILE INPUT FILES®

202 INPUT F1S¢F2S+FI8:FA8,.F5S I

204 INPUT FESIFTSFRS,FOS,FQS &

212 PRINT f

214 PRINT {4
PRINT t

SCRATCH =23 &

FOR G=Q1 TO Q2 I

ON R G0 TO 270+224+:230¢23612429248,5 2545260+ 266

LET F1s=F2s

LET F2$=F2$

=0 TO 270 '

LET F18$=F3S$ ‘

232 LET F2s=Fas

234 =0 TO 270

236 LET F18=F4as$

238 LEY F2$=FSS$

240 GO TO 270

242 LET F18=FSS

244 LEY Fos$=F6$

246 GO TO 270

248 LET F18=F6S

250 LET Fa2s$=F7S$

2%2 60 TO 270

254 LET F1$=F7S

256 LET F2$=F8$

. -
(s s s g

UTOTI T M T Taron
Jrororofon
no

() LD
oD
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Jrorerurofoflung
TP O

U
100
ocoMmMh o ®d

G0 10 270

LET F18=F8S

LET F2$=F9%

GEl ¥O 27

LET F18=F9%

LET F2s=Fns

FILE =1,F1$

FILE =2sFC$

PRINT ~ SCM =X iR+ el , 54

PRINT

PRINT

PRINT “Y(CMY "¢ "UM/SEC) "y "PHO (KE/M3)> "+ “P (MMHE> “» "TO (DEE KD ~
PRINT

FOP N=1 TO 118

PEAD =1+Y1 N oUT (NY eRL NI s PT (NY 9 T1 (N
PERD =25 Y2 (N s U2 (NY s R2 (MY + P2 (NY » T2 (WD
NEXT N

LET Y1 co>=0

LET y2coy=0

FOP N=1 TO 100

LET Y=Ye (N)eCOS iR@+1))

LET S=aXiQ+1)-X @) rep,S54-YSSINR(Q+1))
LET S1=0X 0+1)-XQ))e2,.54

LET Z=YeCOl ‘R@+12)+D(Q+1)

LET mM=N

FOR L=1 TO 100

IF Y1 eCOS (R Y=>Y 650 TO 510

NEXT L

LET Zi=Y2 M +DQ+1>

LET Z2=Y2 M-1)+DQ+1>

LET Z3=Y1dd)+D®

LET Z4=Y1 < -1D+D@®

LET 285=23+(21-23>eS-S1

LET Z6=24+(I2-24>eS/81

IF Z6>2 60 7O S60

IF 25<2 50 TO Sé4

GO TO 570

LET L= -1

GO 1O 530

LET L=t +1

60 7O 530

LET Vi=U1 -1+ U2 M-1>-U1 L ~-1)>eS/81
LET ve=Uul L)+ a2 m U1 L)) eSS

LET U=sV1+(V2-V1)e(2Z-26)/ (25-26)

LET V1=R1 (L-1)>+(R2 (M-1>—R]1 (L-1)>)> eSS}
LET vYe=R1 L)+ (R2M —R1 (L)) &S S1

LET R=V1+(V2-V1)e2-26) / (Z25-26)

LET Y1=P1 L-1>+ P2 M-1>)-PlL-1))>eS/S1
LET ve=P1 L)+ P2 M -P1(L>)eS S

LET P=V1+(V2-VY1)e(Z-26) s (25-26)

LET VI=T1 -1+ (T2M-1>-T1(L-1>)eS-S1
LET v2=T1 O +T2M™~-T1(L>>eS-51
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680 LET T=V1+(V2-V1)e(2-26) / (T5-26)

690 PRINT YsUsRsP» T

TOO WRITE #3+YsUsRePH»T

VOS NEXT N

710 PRINT

v20 PRINT

T30 PRINT

T40 NEXT @

T3S0 STOP

1000 DRTA 1:1s1 i
1010 DRTA l.077v.07601!.044472'1.577v.141711.059?44
1020 DRTA 8.0??!.22501'.0?211o2.535-.31587,.093673
1020 DATAR 3.035».43013!.0956?9t3.535!.559¢3’.107!7
1040 DARTRH 4.035~.?0324'.1182904.535v.86118!.12915
1050 DRTR 5.03591.03?08'.1399!5.535v1.21889v.15066
Q999 END

READY

*
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WM S 0N B s ADAM =MD

Pt et b b ph bk bh bh bl pt e bt b b b s e
O 0ODODDOLNNODD-J-JDHAND L

PROGRAM VCOLES

FEm VCOLES
PEM F18 IS NFLOXXX <« FPOM NEWFLOW>» F28 IS VDEXXXsF3$ IS VCOXXXXs X IS
PEM X STR<(INYe P IS PUMMHEYe T IS WRLL TEMP=S40 DEEG Ry D IS FIRSY
PEM GLIESS FOP DELTRCMYy C7 IS FIRST GUESS FOR TAUM (PSFYs N1 IS IST
FEM GUESS FOR NO OF & POINT WHERE Y+ =50+ N2 IS FIRSY SUESS FOR
FEM NO OF Y POINT WHERE Y-DELTR=.9:,N3 IS NO OF POINTS IN NFLOXXXX.
FPEM S1 RND El ARE CONVERGENCE CRITERIR FOR TARUW RAND DELTA.

FILES F13F2sF3

DIM UL0M o Y20, 21000 o R1 (2000, Q1 (20 TOCROM

DIM GC1Oo«RC1QO

DIM Uz 200

DIM USa1 00 sUs 100D

FPERD F18+F2S+FI8s XePeTeDeCTrN1sN2sN3I

= FPERD S1.R1

LET Kk8=N2+1

LET K9=N1

FRINTY *~ COPPELRTION OF VELDCITY PROFILEs X STR ="Xep2, 54
PRPINT ~ COLES V-D GENERAL IZED CORRELRTION"
PRINT

PRINTY

LET Re =.00162eP~T

LET D7=n

FILE =1,F18

FILE =2.F2%

FILE #3.F2%

LET UvQr»=0

FOP N=1 TO NZ

FEARD =1 oY M UM «RTIMNyRT N« TO N
LET YMNY=Y N - 2.54

LET UNY=UL(NY @3, 2808

LET Pl M =F1 N ~516.488

LET 0S=(SQP (R1 (N “R))e (N =L (N=1))
LET D7=NT+0@8

LET U3«NY=D7

NEXT N

PRINT

PPINT

LET V=.0000000227€«<T21.5) - (T+199) &2
LET H=1

LET BHY=D-2.54

LET vS=0

LET vé=0

LET m=1

LET S=C7

LET F=SQRP (S R

FOSUR 7oQ

LET M=mM+1

LET S=S+S1e8

LET F=SQR (S R2)

GOZUR 7aon

IF 22 am=1y 20 TO 420
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410
420
420
440
450
a7n
430
490
491
498
s00
s0S
s08

—
L}

-
o

-
[ 0

AANAANANNANAANCAANCNCNCACACHCN

TAAARNANANCAS L) O MY M n
)OI AD DM e ADAPIUD

i
i.i-ﬂ--hiIh------uu---u-nillnlu--ur

GO TO 250

LET mM=M+1

LET S$=S-S1e8

LET F=SQR(S~R2)

OSUR 700

IF Zm>x>Z2M=-1> 60 7O S00

G0 TO 420

PRINT “Y e "YsD"s "Y+"s "U+CRLC ™ » "U+MERS "
PRINT TRAR(1S5): w"

PRINT

LET S=S+S1eS

LET F=SQOR (S/R2)

SCRATCH =3

SOSUR 700

IF vS=0 s0 7O Sé0

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
LET Ne=N1-1

LET N1=1

PRINT

PRINT

PRINT

60OSUR 7QQ

G0 TO 600

LET 6HY=2Z M

IF H=>2 G0 7O S70

LET H=H+1

LET R(H)>=B(H-1>+R1eB (H-1)
50 TO 28%

IF G X6 H=-1> 60 TO S76
IF R(HO>B(H-1> GO TO S86
GO 1O S80

IF H=2 60 TO S80

&0 TO S92

LET H=H+1

LET B(HY>=R(H-1>-RleB(H-1)
60 TO 285

LET H=H+1

LET B(H)>=B(H-1)+Ri1®B(H-1)
GO 7O 285

LET B(H)=RB(H-1

LET Vv5=1

M

H

DELsCHM
TRUWs PSF
UTRU«M-S
Uy e M-S

“M
"R
"B(H)e2.54
=S
"Fe.3048
"Ul-3.2808

RMS =2 (M
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o
IARA)
[ 3

851

G0 7O 490

LET
LET

1
;;;Hgmg;ig;]‘

S NP

N1=k8
Ne=N3

PRINT

EEHR

SOSUR 700

LET
EET
FOP
LET
EEY
EET

=

IF R
NEXT

PRINT

PPRINT

PRINT

PRINT - INTERGRL PROPERTIES OF ROUNDRRPY LRARYER™
PPINT

PRINT - DELTA STAR K (CM>="14

PRPINT -~ DEL CCMY="D6

PRINT ~ G ="D8-De

PRINT

. PRIN
PPINT

ZCPRTCH =g

PPINT ~ WELOCITY DEFICIT CORPPELAYTIONT :
PRINT 4

PRIN
PRIMN
FOR
IF B
PRIN
LWPIT
NEXT
STOP
LET
FOR
IF B
LET
LET
GO T

NEXT N y

LET
FOR
LET
LEY
LET
LET
LET
LEY

———

vYe=1

ARe=US (N

U7=ue <N
N=1 TO N3

I4=D4+1—  (UMNI+U (N+1)) ¢, SAUD D e<Y (NI =Y (N—1)) o2, 54
DS=H2— (US (N +US (N—-1)) e, 5
D6=[IA+DSe (Y (NY =Y (N-1>)>e2. 54
DE=DE+DSeNSeY (N) -Y (N—-1)) e2.54

M <=Y /Ny 60 TO 644

N

|

T

T “Y/DEL"."UeDEF CRL"s "UeDEF MEARS"
k! '3

N=1 TO N3 !
H) <= YN G0 TO 676 -
T Y (Ne2.54-D6y U7-UE (N y AZ—US (ND 3

E 22yY (N> ®2.54,D65UT-U6 (N » R2—US (ND
N

T8=0 rﬁ
N=1 TO N3 '
H>>Y N> GO 7O 740

LUa=UZ (N=1) + (I3 N —UZ (N-1) ) e (B (H) =Y (N=12) # (Y (NY =Y (N=1)D
U9=UN=1> + (UMDY =L (N=1D D) @B (H) =Y (N=1) > 7/ (Y (N) =Y (N=1D) ;
o 7?50 3

A3=R (H) oF / (1264

N=N1 TO M2

W=2e ((SINC(1.5707eY (N> / (BCH)>))~2>
L=.5e< (U4 /F>-(2.43eL06 (A3 -5
L1=2.436L06 (Y (N> oF / (120¥))
Ul=L1+S+L oW :
Ue=u3 N> -F 1
Wi=dUe-L1-%5 7L
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ase
853
850
a7
ave
280
881
88e
883
884
a8s
286
887
888
892
893
Son
Q10

LET US M =2

LET Ué (N>=U1

LET T8&=«U1-U2)~2+T8

IF ¥S =0 60 TO 893

IF B <=Y(N> GO TO 910

PRINT Y(N)e2. 5S4, Y (N /R(HD » Y (N) oF 7 (12eV¥) yU1 U2
IF vé=1 60 TO 885

IF N1=1 60 TO 885

PRINT TRB(15)iW1

PRINT

IF N=>KS 60 TO 892

LET W1=]

IF Y(N>eF-/(12e¥))=> 10 60 TO 892

LET Ul=(Y (NYeF - (126¥))

WRITE S3sY(NYeF - (126¥)U1,U2s Y (NY 7R (H) s W1
NEXT N

LET Z(M=SQER (T8

RETURN

1000 DATR "3MFL-125". "3VYDE-125", "3¥CO-125"
1010 DRATAR —1.25:21.8:540+.68+.75+:24969,100+.01.01
Q999 END

RERADY

*




PROGRAM TBLJINDIM

D10 RPEM TRLJUNDIM

11 PEM PSS IS RPAMP NO»Z IS NO OF X STRy X)) IS XSETRIM «DCLD
12 REM DELTR«CMYFROM YCOLESy PS> IS PWALL (PW-POD
100 FILES Fi1sF2

110 DIM Y10 U100 «RA1I00 «P 100, TOCIOM

S0 DIM P1L2XsUL (2

120 DIM X111 eDcl11d PSS

140 PERD PSQ.Z

150 FOP L=1 TO 11

1t PERD X dL>eDdL) PSS

170 LET PSL)>=PS L) 97309

180 NEXT L

190 PRINT *~ MERN FLOW PROFILES”
200 PRPINT © PRMP NORS

210 PRINT & N STRATIONCHM="X (2> e2. 54
220 PPINT

c20 PRPINT

Z4n PPINT

2SS0 PRINT - WHART ARPE FILES NEWFLOWX» MEANXXXX ™S
cel INPLT F1$«F2S

PRINT

PRINT

PRINT

FILE =1.F1$%

FILE =2.F2$

CPRTCH =2

FOP L=t TO 2

FOP M=1 70O 100

IF L=Z B0 T 350

FERD =1+RQ1¢52+Q03+04+R5

240 50 7O 360

250 PERD =1sY MO UM R P My TO M

258 LET P M= M ¢133.3

20 NEXT m

270 NEXT L

400 PRPINT

410 PPINT

420 LET POy =, 003496PS () /200

420 LET MA=SQR (Sec (72N /PS (), 2857 -1))

440 LET T4=217- 1+, ceMieMm4e)

450 LET P4=,00N349ePS () /T4

4nll LET L4=Mdae N, (4eSQR (T4

470 LET P11 1) =P4

430 LET Ul (1) =Lig

4390 FOP N=1 TO 100

S00 IF YANOXDCZ> 60 TO S20

S10 NEXT N

S20 LET we=UN=D+ UM -UN=-1))eDD =Y (N=1>) 7 (Y (N =Y (N=1D)
530 LET u2=u2-/.99%

S40 FOR N=1 TO 100

S50 IF u'N>Ue 60 TO S70

S60 NEXT N

i
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ﬂ
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SN D TGO AAAC A B G NS DD

RS0 AT £ C0s S0 S0n 0 S35 S3s S S0 S0 S's S0s S0n COs C0a OO S0 S0 9 S0 SO SOCH) IS IS |
DI AP WDV~ D>OHhbUoDNDTAOODDDDDOD

840
350
860
870
80
290
Snn
Q10
Ss20
Q20

S40

LET
LET
EET
LET
LET
EET
LET
LET
LET
LET

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

Y2=Y (N-DD+ Y (N =Y (N=1) T @ (2= CN=1D D~ CLHOND =L CN=1D )
YR=(Y2=Y N=12) /(Y (ND =Y (N-1))>

P2=R (N=1) + (R (N —R (N-1) ) e¥Y3

P2=P (N=1)+ P/ N> P (N-1)) Y3

TR=TOAN-1DI+TOM =TOIN=-1)D o¥3

R2=20. (4eSQP (T

T2=T3e 1, 2e U2z iR3SRZI DD
ME=S0R (Se  (T2-T2)-1))

Ve=. 00000100606 (Tel , 8)°1,.5) / ((T2e1,8)+19%)
S2=tceR2/¥2

YE«CM ="Ye
= TOEsyDEG K =73
5 TEsDEG K ="T2
- PEsN/M2 ="Pe
' LEsM S ="uR
i PHOE + KG/M3 ="R2
b REE+M—1 ="S2
. ME ="M2

PRINT

PRINT

PRINT

PRINT "Y "+ "YsD"e "M "L/UE" s “RPHO-RROE"
PRINT “"RE-REE"+« "T/TE "« "TOQ<TOE"s "P PE"y "H"
PRINT

PRINT

PRINT

FOP
LET
EET
LET
LET
LET
EET

N=1 TO 100

A=20. D4eSERP (TD N D

T=TO(N) @1~ 2ol NI @Ll (N ~ TReFD D

M=CSOP (Se< TONY - TX=1))
YV=.000001086Fe((Te1 . 8)"1.5) /((Tel,.8)+19%
SER (N SN 7Y

H=ecTOONY =300) 2/ (T3-200D

PRINT Y (N e Y (N /D) a Me U CNY ZURs R (N ~R2
PRINT S/S2yT/T2sTOMMN A TIsP (N 7P2oH
PRINT

WRITE 22+Y M /DD s Mol AU RN) /RCe
IF Y/Ny>Ye 0 TO 930

LET
LEY
LET
LET
LET
LET
ek
EEY
LEF
LETV
ke
LET
LET
LET

W=Y (N =Y (N-1)

M1=SQR (5eC((I73N3/P(NX*,2857>-1)>
T1=317/7(1+.2eM1eM1)

P1 (@)=, 00349e¢P M /T1)

Ul (2)=M1e20. 04eSQR (T 1)

C1=C1l+ U1 (@2>+UL (1> 2= (M N-11D>72) &
Y=(R(N) & (N) +R (N-1) ®U(N-1)>) 2

Vi=(R1 (2)eUl (@) +RP1 (1) Y1 (1)) 2
Ce=C2+¥Y1-Y) e

V=R (N (NI (N +R (N1 S (N—-1) eI (N=—1) D> /2
Vi=(RNI oL (N oUl (2D +R (N—-1)eU (N=1) U1 (1)) 72
C3=C3+ (Y1-VY) o

R1 (1> =R1 (2>

Ul 1> =u1 >

NEXT N
PRINT
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Q42
Q44
Q46
[4R
QA1)
52
254
QEE
TN
1000
1010
1020
1020
1040
1050
1060
1070
1080
1=
1100
1110

READ

*

PRPINT
PRINT
PRINT
PRINT
PRPINT
PRINT
PRINT
PRINT
STOP
DARTA
DATAH
DRTA
DRTA
DATH
IRTAH
DRTA
DATH
DATA
IIRTAH
DRTAH
DRTA

Y

-8 5 £ 2

32
Ne.7042, . 02986
.25, . 6835y . 03212
LSy 65669 . 04
1.25y.6767y. 04732
1.5+.0632s.05361
1.75y .6632¢ . 05955
e .BB2G,y . 06504
C.25,.6903y . 06899
c.0+.6835.. 07207
C.TDs.7112:. 07882
3y 7401 . 08277

DELTRsCM
DELek.CM
DELe+CM
THETR.CH
PE THETR
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10
11
12
13
14
15
16
17
100
110
120
130
140
142
230
240
250
25e
254
cen
270
c80
290
292
294
=296

PROGRAM RAMSHER

REM PRAMSHER1
PEM H IS FPRAMP NOs» N1 IS NO OF FIRST ¥ STR USED IN CURYE FITy, N2 IS
PEM THE NO OF THE LRST X STRA IN CURVYE FIT, Z IS THE X STR FOR TRU CARLC
FEM ‘MUST BECN2) oW IS REFERENCE X STR WMICH DETERMINES Y VARLUES,
FEM K1 IS NO OF TIMES IST X STR INCLUDED IN CURVE FIT (USURLLY=1).
PEM FiNY IS TRUWMMHE) sRS (M) IS RAD OF CURYRTURECCM » X(N) IS X STR(IMN .,
FEM A1 (NY IS SURFACE SLOPE (RAD)» DECNY IS LOCAL HEIGHT, Y(CMY, OF
PEM CURFACE WITH RESPECY TO RAMP L.E.

FILES F13F235F3

DIM Y1110 sUC11510MsRC(115,1000+sP 119100

DIM C1 A1) sC2UUDC3AUDsCA411DDCSAADHSAD

DIM RCRe D3B3y 1Dy DIy D22 DIy DE (2> 9 X1 (193D

DIM RSESAI1D s FCI1D e X 11DyR1 11D +sDECI1D y W1 (3939 26(35 1)

DIM Cé611D

RPEAD HeN1sN2syZrsk 1

FOP N=1 TO N2

READ FN +REN o X (N> 9 R1 (NY 9 D6 (ND

LET X{N)y=X(N>e2,54

LET FNY=F (N) ¢133.29

NEXT N

PRINT ~ TURBULENT SHEAR STRESS DISTRIBUTIDN®

PRINT = PRAMP ND"H

PRINT * X STARATIDN (CMY =X (>

PRINT

PRINT

PRINT

PRINT ~ WHAT RRE FILES NEWFLOWXy SHERXXXX s EDYXXXX "

INPUT F18,F2S,F3S

PRINT

PRINT

5 PRINT

FILE =1sF1S$

FILE =2-F2s

FILE =3:F38

SCRATCH =2

SCRATCH =3

FOP N=N1 TO N2

FOR M=1 TO 100

READ =19 Y (NsM sUNsM sR(Ns M) s P (Ns M) » Q9
LET P(NsM)>=P (N,M)> ¢133.29

NEXT M

NEXT N

PRINT “Y(CM " "TRU/TRUK "y "I1", “12%y " 13"
PRINT TABC(15), " 14"

PRINT

PRINT

LET D1<1)>=0

LET D2<1)>=0

LET D3c1)>=0

LET D4c1)>=0

FOR M=1 TO 100
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400
410
420
430
440
450
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-

4
>

~J
r

b bbb bbbbdsn
0 %00 0000

) o0
NPT EWLNDODOD S

496

LET Y=Y e M)

LET Sd(1)=,00001

FOP L=1 TO N2

LET Z2=YeCNS (A1 (L)) +D6 L)

LET Ji=YeCOS (Rl (L1 +De -1

LET L2=X (L)-YeSINRI (L))

LET Li=XdL-1)-YeSINWR]L (L-1)>)>

LET Z3=22-21%

LET L3=Le-L1

LET SO =S0R (L33 + (3672 +S(L-1D
NEXT L

MRT A=7ER

LET K=0Q

FORP L=N1 TO NS

LET k=41

LET Rileld=R1e1)+1

LET Raled=Rdls)+S Ly eS (LD

LET Rele3)=Rc1e3)+S LD

LET Ricead=R Qe+ L) eS (L)eS(LYeS (LD
LET R(QeD=R 2y X+ (L) eS (L) @S (LD

LET R(Ge3=R3e3+S (L) eS (LD

IF L>1 G0 TO 497

IF K<kt GO 7O 483

NEXT L

LET R2r1D=Rle)

LET Ri3el1dD=R1+3D

LET R3¢ =R2s 2D

FORP L=N1 TO N2

FOR N=1 TO 100

IF YdLeNY=>Y GO TO S8

NEXT N

LET S1=0Y=Y rLeN=1D) /Y Lo NY =Y (Lo N=1DD
LET Cretn=UcLyN-1)+UlLeMNY~ULyN=-1))eY]
LET Bil=ULsN-1>R LsN-1)

LET Re=UL+NYeP Ly N

LET C2d>=R1+ E2-R1)eY]

LET Bi=ULsN=1'ellcLyN~-1>eR (LeN=-1
LET Re=UlLeNellcLeNYeRL,N

LET C2L)=Ri+ B2-R1) ey

CLET (4L =P (LiN=1D+ P LsN =P LsN=1>) oY1

LET CelbdY=RLeN-1D+RIL-N—F (LyN-1))eY]
NEXT L

LET k=0

FOP L=N1 TO N2

LET k=k+1

LET CS<Ly=C1 LD

IF L>1 GO0 TO SS90

IF K<kl GO TO 581

NEXT L

GOSUR 800

LEYT D1 @2Y=X1 1y 1D+X1 (e eS (D +X1 (1D ¢S (V@S (D)

LET k=0
FORP L=N1 TO Ne
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LET Kk=Kk+1

LET CSAL>)=C2L>

IF L>1 GO TO 61S

IF K<K1 GO TO €06

NEXT L

GOSUR 800

LEY D2@)=X1(1,2)+2eX1(1,2)eS (DD
LET K=0

FOP L=N1 TO M2

LET K=K+1

LET CSL>=CI LD

IF L>1 60 TO 640

IF K<K1 60 TO 631

NEXT L

GOSUR 800

LET D22)=X11y30+2eX11y2d>eS (DD
LET k=0

FOP L=N1 TO N2

LET kK=K+1

LET CSL)=CailL)

IF L>1 60 TD 665

IF k<Kl 60 TO 656

NEXT L

GOSUBR 800

LET D42)=x101,3)+2eX1 (192> &S (D
FOP L=N1 TO N2

LET CS<L>=Cé LD

NEXT L

GOZUB 800

LET DS=K1(1+s1>+X171,2>e8(2)+X1(1,2) &S (I &S (D

LET K=1/RS5¢2>
LET T=Y<WeM) =Y (bisM—1)

LET B1=1/1+eC (Y (WM +Y (WoM—1>),2))

LET D=cD22>+D2 1)) 2
LET I1=114RlelieT

LET D=<(Di22>+D21)>> 2
LET v=<D12>+D1 1) 2
LET 61=«D1(2>-D11>>/T
LET G=6+DeT

LET I2=VYeRlet

LET I3=13+2elceBlexeT
LET D=<(D4c2>+D4(1>)> 2
LET I4=I4+BleDeT

LET Ti=1+1/FC2))He(11-12-13+14

PRINT YeT1yI1/F s I2/F (29 I3/F (D

PRINT TRE(15), 14/F (2

PPINT

WRPITE =2,YyT1»D2¢2)+»D3(2) D42
WRITE =3sYr»T16F (2)9y6515DS

LET D1<1>=D12>

LET D21>=D2 >
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1030
1040
1050
10a0Q
1070
1080
1090
1100

1110
aqaq

READ

*

LET D2C1)>=D32)

LET Dac1)Y=042)

NEXT ™

°TOP

MRT R=CER

FOP L=N1 TO N2

LETY Bileld=Rcly 1D+CS LD

LET B2y 1D)=R@s1D+S (L) eS (L) &CH LD

LET Ri3¢1)=R(3¢1)+SLD)SCS LD

NEXT L

MAT W1=CONSy 3D

MAT W1=]1MVY (R

MRT X1=CONC1,3

MAT Z&6=CONC3e1)

MRT Z6&=k1eB

MAT X1=TRN(Z&)

RPETURM

DATA 3ed4ells69 70l

DRATR .26+-1000000s 0y 09 0

DRTAR .262+-18.14, .25, 03748,. 01264
DATA .276«-22.5+.7%,.1005+.1026
IRTA .C46+—26.75¢1.25¢.1527y.2659
IRTR .207+—28.84,1,.5,.175%9.,.3716
DRTA . 226+=30.91y1.78+. 1976+ .4919
TRTR .347¢-32.97¢2y. 2179 .6261
DRTR 276y —=25.02:¢2.2%8:¢.23715.7734
DRTAR .392¢=37.07¢2.5¢.25%3+,.9333
DRATR .4269y-39,.1142.75%5,.2726y1.1052
DRTA .446+,-41.55,3..2891,1.2886
END
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PROGRAM EDDY

EM EDDY

EM P& IS THE PAMP NO.Z IS THE NO OF THE X STR«x) IS X STARIN),
EmMt DLy IS DELTR (CMXsD1CL) IS DELTA STAR SUR K 'Dekd IN CENTI-
EM METERS FROM VCOLES OP TRLUNDIM. UCL) IS UE (M-SECY FROM

EM TRL.JINDIM

FILES FlsifFe

DIM Xc11deDil1d, D1 11D eUCTILD

RPERD R8s

FORP L=1 TO 2

PEARD X <L>sDCL> DI LU

NEXT L

PRINT - EDDY VISCOSITY CARLCULARTION"
PRPINT - RAMP NO"R8

PRINT - ¥ STATION="X (2> e2,.54
PRINT

PRINT

PRINT

PRINT ~ WHRT RARE FILES EDYXXXXsVISCXXXX"4

INPUT F18:,FCS
FILE #1.F1$%
FILE #=2.F2%
PRINT
PRINT
PRINT
SCRATCH =2
PRINT ~ ) YsD"e"™ LsD"e™ E-UEDeK"5s " DoU-UEY #DcY~D) ~
PRINT
FORP N=1 TO 100
PEAD =1sYsTeGePR
IF T<0 60 TO 254
LET L=SOR(T/P) - (N(D) &)
LET ¥=T~/ U2 eD1 (2) oReE)
PRINT Ye¥V D2 sLsVYeGeDZ) AU
WRITE =2sYeV/D(2Dels¥YryEeD (DD UD
G0 TO 360
PRINT Ye¥Y/Di(Z)+s TRR(E1) i6eD (DD AU
WRITE 22+sYsY/D(2) 9 9999,93999, GeD () 7LD
NEXT N
£T0P
DRATA 3+4
DATA 0s191y1
DATAR .25»1r1s1
DATAR 1s1v1v1
DATAR 1.255.6767y.0944,610.2
DATR 1.5+.6632y.119y605
DRTR 1.75,.6632y.112+600.5
DATAR 2+ .6835y.1138+596.4
DATR 2.25¢.6903y.1069+587.6
DATAR 2.5+.6835,.1021+581.4
DATR 2.75,.7112».1045,580
DARTAR 35.7401,.1033»573
END

158

%

SR . NI IR T



APPENDIX B
COMMENTS ON THE MIXING LENGTH CONSTANT

In Section 4,6, it was shown that in the region of adverse pressure gradient
(APG), the constant » in the mixing length relation 4 = xy was 0,65 in con-
trast to 0.4 for the zero pressure gradient (ZPG) flow. This implies, there-
fore, an inconsistency of the APG data with the Law-of-the-Wall correlationm,
since the latter is based on the value x = 0.41, and raises the question
whether the increase in » is real or possibly due to experimental error.

Recall that the derivation of the wall-wake velocity correlation

u+=—1-{,ny++C+

W (y/%) B.l
K

= HQ

includes the assumption £ = xy. References 8 and 1l document the basis for

selecting the currently accepted values of the constants » = 0,41 and C =

5.0, These values are concluded to be independent of pressure gradient,

whose effects are reflected instead in the magnitude of the wake strength
parameter . It should be noted that the values of 3 and C are based on data
for which 100 < y+ < 300, since it was felt that closer to the wall experiment-
al errors may cause the measured velocity to be too high, while farther away

the effects of the wake-like outer flow become large.

In the present study, the curve-fit described in Section 4.2 was restricted
to data for y+ > 50, A plot of the velocity profiles in ut - y+ coordinates, ﬁ
shown in Figure 28 for Ramp 3, is reproduced in Figure B,l1 which includes,

now, lines of constant y/6, Notice that for the ZPG case, y/& = 0.05 corresp-

4

onds to y+‘~ 20. Moving downstream in the APG region the y' value correspond-

ing to y/& = 0.05 increases (the increase in Reynolds number shifts the

o+

velocity profile to the right, i.e., to larger y” values) so that at the

rear of the ramp y* at y/& = 0.05 is about 50,

A plot of 4/§ versus y/& to an enlarged scale is shown in Figure B,2 which

indicates clearly that the slope i shifts rapidly from 0.4 to 0.65 along the
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ramp and that the linear portion of the ! versus y variation extends from
v/& = 0,05 to almost 0.2 (see also Figures 63 and 64 to define the upper
limit). A value of y/& = 0.05 corresponds to about 0.035 cm which is near
the outer edge of the viscous sublaver while y/& of 0.2 corresponds to y+
ranging from 80 to 200 for the profiles in Figure B,1. Therefore, most of the
data points (particularly for the APG region) shown in Figure B.2 are included
in the curve-fit to the Law-of-the-Wake, Equation 4.,5. However, these points
are small in number compared to those in the outer portion of the boundary
layer, where contributions from the wake function are large, and although

they deviate from Equation 4.5 (i.e., they reflect 3 = 0,65 instead of 0.4)

the rms error of the curve-fit is still small.

For both ramps, the ut - yt profiles for representative stations located
upstream of the leading edge (2PG),at its mid-point, and at the rear station
have been plotted in Figure B.3 together with the sub-layer relation ut = v+,

Equation 4.8, and the Law-of-the-Wall, Equation 4,4, It is observed that

1) For the ZPG case, the data for y* < 50 fall on or parallel to Equation 4.4
until yv¥ < 20 (y/& = 0.05) where they then merge with the sublayver profile.

2) For the APG region, the data below y+ = 100 deviate from Equation 4.4,
showing a smaller slope (i.e., a larger value of ) than the Law-of-the-Wall
until y+ ~ 25 where again, they approach the sublayer profile. The trend of
the APG data is clear and coasistent. In fact, since it = 0.65 is determined
directly from the mixing length calculations, this guarantees that the APG

data will not fit the classic Law-of-the-Wall (with x = 0.41).

In view of this discussion, the possibility of experimental error causing the

observed increase in i in the APG region is considered unlikely since:

1. The effect is not observed in the ZPG case although the techniques and

instrumentation were the same at all x stations.

f
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2. The data for all stations were collected fro . w T ) ‘
boundary layer, that is, for uy ’ ty
the wall for probe errors to be nexlisi

3. Sturek obtained the same valus

Sk. Thus, two experiments conducte .
operating conditions, with difteres

yield the same result.

It appears, then, that the observe:

APG flow is not due to experiment ery

from the ZPG value is not known and | Ppe

results, It is suggested that the change

gradient or longitudinal curvature introdu:e p
there is a need for more information to resolve the

It is instructive here to apply Spalding's tormulatim ¢ w=0f=the-=
in the buffer region to the APG data in order to determine the u* - 7
velocity profile associated with »x = 0,65, This is done by applving Equ
4.8 to the point y+ = 100, ut = 16.2 where the data trom both the JPG and
APG profiles agree and are identical to the conventional Li.-of=the-=Wall,

Equation 4.4. At this point, we assume » = 0,65 and use

calculate Ky. With both » and K, known, we can then usc

calculate ut +

seem to coincide with the APG data throughout the entire v' range near the

wall.
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versus y', The results are plotted in Figure P.,3 where thev

+

ition




%/4& 3jue3lsuo) 3Jo sauT] JUIMOYS SIJEUTPIOO) +m )

o1 81 A
£ 2 1

1id 3AHNI
WOoYd
a3ianiox3a
viva

n uy sajyjoad LK3IT2012A 1°d 2an81jg

el a1

2l

‘81

$2

9z
9z

-9z

9z
14




X STA
(CM) RAMP

-1.27

o e

3.18
3.81
4.45
7.62
0.10 T |

1
3
3
3
3
3

A OO +

0.08

0.06

0.04

—e

0.02

0.16 0.2

Figure B.2 Variation of Mixing Length 4/ with Position
y/6 in the Wall Region
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